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Abstract.-Non-linear transport effects in response to external magnetic fields, i.e. electrical magnetochiral
anisotropy (eMChA), have attracted much attention for their importance to study quantum and spin-related
phenomena. Indeed, they have permitted the exploration of topological surface states and charge-to-spin
conversion processes in low-symmetry systems. Nevertheless, despite the inherent correlation between the
symmetry of the material under examination and its non-linear transport characteristics, there is a lack of
experimental demonstration to delve into this relationship and to unveil their microscopic mechanisms. Here,
we study eMChA in chiral elemental Tellurium (Te) along different crystallographic directions, establishing the
connection between the different eMChA components and the crystal symmetry of Te. We observed different
longitudinal eMChA components with collinear current and magnetic field, demonstrating experimentally the
radial angular momentum texture of Te. We also measured a transverse non-linear resistance which, as the
longitudinal counterpart, scales bilinearly with current and magnetic fields, illustrating that they are different
manifestations of the same effect. Finally, we study the scaling law of the eMChA, evidencing that extrinsic
scattering from dynamic sources is the dominant microscopic mechanism. These findings underscore the
efficacy of symmetry-based investigations in understanding and predicting non-linear transport phenomena,
with potential applications in spintronics and energy harvesting.

Introduction.-Low-symmetry materials have performed, identifying both longitudinal (i.e, non-

revolutionized the field of electronic transport. This
disruption stems from the breaking of inversion
symmetry within such systems, which permits non-
linear transport effects where the voltage (V) scales
quadratically with the current (I) [1]. Notably, this
non-linear behavior can manifest both with and
without the presence of external magnetic fields

(B) [2].

On the one hand, non-linear transport effects in the
absence of B (I « V?) have recently attracted much
attention [3-6]. Indeed, they allowed for the study of
novel quantum properties, such as the Berry
curvature [7,8] or Berry connection polarizability
[9,10], and have the potential to be exploited for
energy  harvesting  through  radiofrequency
rectification [11-14]. Systematic studies have been

linear conductivity [15,16]) and transverse (i.e., non-
linear Hall effect (NLHE) [3,4,17]) components, and its
connection with the crystal symmetry of the tested
material.

On the other hand, non-linear transport effects in the
presence of B (I < V2B) have great importance for
spintronics as they can be employed for the
investigation of spin-related effects [18]. In general,
these phenomena are named electrical magnetochiral
anisotropy (eMChA) [19,20]. However, as most
reports are focused on the longitudinal manifestation,
they are commonly known as unidirectional
magnetoresistance (UMR) [18] or bilinear
magnetoresistance (BMR) [21,22]. Although there are
few reports on the transverse manifestation, i.e., non-
linear planar Hall effect (NLPHE) [23,24], an
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experimental demonstration of the fundamental
connection between the two effects and the crystal
symmetry of the material is still absent. Furthermore,
the microscopic mechanisms behind these effects
remain unclear.

Chiral materials provide an exceptional platform for
investigating non-linear transport effects due to their
absence of both inversion and mirror symmetry [25-
27]. In this context, a material with strong spin-orbit
coupling such as chiral tellurium (Te) [28], which can
be chemically synthesized [29] and patterned into
desired shapes, emerges as the ideal candidate.

In this letter, we present an experimental study of
eMChA in Te, encompassing both longitudinal and
transverse measurements, along with an analysis of
the crystallographic direction dependence. Te flakes
are grown via a hydrothermal process and patterned
into star-shaped structures, enabling precise
measurements along different crystallographic
directions. By taking into account the symmetry of
trigonal Te, we derive equations that accurately
describe the experimental non-linear transport in Te
across all configurations. We observe a longitudinal
eMChA, i.e. UMR or BMR, when B and [ are aligned
along the z-axis, consistently with previous
reports [18]. Remarkably, we also observe a
longitudinal eMChA when both B and I are along the
x-axis, thus demonstrating the anisotropic radial
angular momentum texture of Te by electrical means.
Additionally, we detect a transverse eMChA4, i.e,
NLPHE, when B is along the z-axis and I is along the x-
axis. We illustrate that this transverse non-linear
resistance exhibits bilinear dependence on B and I.
Finally, by examining the dependence of the eMChA on
the resistivity, we establish that the eMChA in Te is
primarily governed by extrinsic mechanisms. Our
findings underscore how the analysis of crystal
symmetry and resistivity scaling facilitate the
prediction of non-linear transport effects, providing
insights into permitted components and microscopic
mechanisms. Therefore, we aim to inspire similar
analyses devoted to discovering novel systems
suitable for spintronics and energy harvesting
applications.

Anisotropic transport.-Trigonal elemental Te displays
a chiral crystal structure, belonging to P3121 (right-
handed) or P3221 (left-handed) space groups [Figs.
1(a),(b)]. We grow single crystalline Te flakes
following a hydrothermal process[29], and we
pattern them into a star-shaped device by e-beam
lithography and reactive ion etching. Finally, we
contact them with Pt electrodes allowing electrical
measurements  for  different crystallographic

directions (Supplementary Section 1 [30]). A
harmonic current at frequency w = 31 Hz (I®) is
injected between two electrodes aligned in the same
direction at a 6-angle from the chiral z-axis. During
this process, both the first- (V*) and second- (V2%)
harmonic voltages are recorded. The measurements
are conducted in both longitudinal (V}) and transverse
(V,) configurations using a rotating reference frame.
Our setup also enables temperature modulation (2-
300 K) and the application of B up to 9 T in all
directions [Fig. 1(c)].
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FIG 1. Anisotropic transport in Te. (a), (b) Crystal structure
sketch of trigonal Te in the (a) x — y and (b) x — z plane. (c)
Sketch of the star-shaped Te device. The relative orientation
between B and the device is indicated. (d) Temperature
dependence of Rj” when I® is injected along x- (6 = 90°) and
z-axis (6 = 0°). (e) R}’ and R{’ as a function of 8 at 50 K. The
dashed lines are fits to the equations introduced in the main
text. The R}’ and R values are obtained from the linear

fittings in Fig. S1 [30]. All measurements were performed at
B = 0 T with |I?] = 1 pA.

Figure 1(d) shows the temperature dependence of the
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along the z-axis (8 = 0°) as well as the x-axis (6 =
90°). We note that the resistance along the x-axis is
much higher than along the z-axis, which is a direct
consequence of the anisotropic crystal structure: the
electronic transport is much more favorable along the
covalently-bonded Te helices (z-axis) than between
them (x-axis). To further study the anisotropic
electronic transport in Te and to ensure a proper
control of current directionality, we measure the first-
harmonic longitudinal (R{’) and transverse resistance

w
(RY = ‘I%) for different 0 angles, between the current

I and the chiral z-axis [Fig. 1(e)]. On the one hand, R}’
follows  R{*(8) = (L;/A)[p2c08%(0) + pxysin?(0)],
where L, is the distance between longitudinal
contacts, A is the cross section of the contacts, and p,,



and p,, are the resistivities along the z- and x-axis,
respectively. We observe that p,, > p,,, in agreement
with the temperature dependence study [Fig. 1(d)].
On the other hand, RY follows RY(8) = (L, /A)(Pyx —
Pzz)cos(8)sin(6), where L, is the distance between
transverse contacts. The excellent fittings of the
experimental data to the expected 6 dependence
indicate a precise control of the current directionality
in our devices, allowing for further crystallographic

dependent transport experiments (see
Supplementary Section 2 [30]).
Anisotropic magnetotransport.-Recently, the

electronic transport properties of Te in response to B
have  attracted much  attention.  Negative
magnetoresistance [18,36] and planar Hall effect [37]
have been reported, both being considered as possible
signatures of Weyl physics [37]. However, it is worth
noting that the Weyl points in trigonal Te are at ~0.4
and 0.5 eV below the top of the valence band [38], thus
far away from where the electronic transport
generally occurs [39]. In the following, we will
demonstrate that, from crystal symmetry
considerations, it is possible to analyze the different
magnetoresistance and Hall components in trigonal
Te.

The first-order electric field (E{*) in response to a
current density (j;*) and a magnetic field (B ) can be
expressed through the material Magnetoresistance
(Tijx:) and Hall (Ryj;) tensors as E;” = Ty ji" BBy +
Rijij;’ Bx- We observe that the magnetoresistance and
Hall contributions are even and odd, respectively,
with respect to By;. Therefore, it is possible to
differentiate them experimentally. For Te, considering
E{” and j} in the x — z plane and By, in all directions,
the Magnetoresistance and Hall tensors have 9 and 2
non-zero elements, respectively [40]:

Txxxx Txxyy Txxzz Txxyz 0 0
Ti’zjw'il = Tzzxx Tzzyy Tzzzz 0 0 0 (1)
0 0 0 0 szxz szxy

0 0 0
0 R 0

RTe = *zy 2

ijk 0 — szy 0 ( )
0 0 0

Therefore, we can obtain the expressions of the
longitudinal and transverse electric fields as a
function of 6, @, and f angles in terms of T; ), and R
(see Supplementary Section 2 [30]). To disentangle
the different components, we have measured the Te
Rl‘l"(3=9T)—R|‘|”(B=0T)) for 6 =

R|>(B=0T)

0° [Fig. 2(a)] and 8 = 90° [Fig. 2(b)], and also R% for

magnetoresistance (MR =

6 = 0° [Fig. 2(c)] and 8 = 90° [Fig. 2(d)], by rotating
B =9T in both a- and - planes [Fig. 1(c)]. Figures
2(a) and 2(b) manifest that the equations obtained
from our analysis based on Te crystal symmetry
perfectly capture the experimental response, both for
the a-angle dependence (blue curves),

MR = (Bz/pzz)cosz(6)[Tzzxx5in2 () + TZZZZCOSZ((X)]
+ (B?/Px)Sin*(0) [TunxxSin (@) + Trxzzc08* ()],

(3)
and for the -angle dependence (red curves),

MR = (Bz/pzz)cosz(6)[Tzzyy5in2(ﬁ) + Tzzzzcosz([’))] +
(B?/pxx)sin® (8)[ Ty, sin(B)cos(B) + Tyxyysin®(B) +
TxeZCOSZ(,B)], (4)

(see Supplementary Section 2 [30]). Importantly, we
recognized that the critical parameter for the MR is
the direction of the magnetic field. The MR is negative
when B is along the z-axis (a=pf=0°),
independently on the direction of [* (see also Figs.
S2(a),(b) [30]). Previous reports have studied the
magnetotransport of Te only when /¢ is along the z-
axis, and related its negative MR with the chiral
anomaly [37]. However, the chiral anomaly can only
apply for B || I [41], and we also observe negative
MR when B 1 I“. Therefore, our observation suggests
a different mechanism behind the negative MR in Te,
such as Berry curvature or orbital moments [42-45].
A temperature dependence of the MR can be found in
Figs. S2(c),(d).

Regarding the transverse measurements [Figs.
2(c),(d)], we observe that the [-angle dependence
(a=0°, red curves) is given by the Hall component:

RY = (Ly/A)R,,yBsin(B)[sin*() + cos*(8)].  (5)

Indeed, when the magnetic field is out-of-plane (B ||
y-axis) we detect the ordinary Hall effect in Te, whose
sign and magnitude indicate that the electronic
transport is dominated by holes and permits to obtain
the carrier density n, ~ 6.5 X% 107 cm3 [Figs.
S2(e),(f)]. For the a-angle dependence (5=0°, blue
curves), we observe the so-called planar Hall effect:

RY = —2(L,/A)TyzezB?sin(a)cos(a)[sin?(0) —

cos?(09)]. (6)

the planar Hall effect is even respect to B, thus not
being a true Hall effect [46]. The planar Hall effect has
been considered a signature of Weyl physics [37], but
we demonstrate that it is directly allowed by the
symmetry of Te and its associated MR tensor (T,
component). Therefore, as for the negative MR, its
origin may be related to Berry curvature or orbital
moments. More importantly, the equations obtained



from the analysis of Te symmetry perfectly capture all
the experimental observations (solid lines in Fig. 2),
demonstrating to be a powerful method. From the
fittings of the experimental data, we determined the
values of the resistivity, magnetoresistance, and Hall
tensors components (Table S1 [30]).
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FIG 2. Anisotropic magnetotransport in Te. (a), (b) Te MR as
a function of a-angle (§=0°, blue curve) and f-angle (a=0°,
red curve) when I is along (a) z-axis (8 = 0°) and (b) x-
axis (60 = 90°). (c),(d) R? as a function of @-angle (£=0°, blue
curve) and B-angle (a=0°, red curve) when I is along (c) z-
axis (0 = 0°) and (d) x-axis (8 = 90°). All measurements
were performed at 50 Kand B =9 T. The solid lines are fits
to Egs. (3)-(6).

Electrical — magnetochiral  anisotropy.-Non-linear
transport effects in response to external magnetic
fields, i.e. eMChA, have attracted much attention for
their importance on spintronics. Indeed, eMChA has
been reported in two-dimensional electron gases [22]
and topological insulators [21], unveiling the helical
spin texture of these systems. Recently, eMChA has
also been reported in elemental Te[18]. The
symmetry of chiral Te gives rise to an anisotropic
handedness-dependent radial spin texture [28,47],
which is compatible with the eMChA experiments.
Therefore, the eMChA measurements can be exploited
to determine the handedness of Te crystals[18].
These experiments have been limited to currents
along the chiral z-axis. However, the Te chiral
structure offers a rich family of eMChA
components [20] that can be investigated with our
star-shaped Te devices.

In general, the second-order current density (j#“) in
response to an electric (Ej) and magnetic (B,) field
can be expressed through the eMChA conductivity
tensor (oyjy;) of the material as jE = 0ijiEEi’ By.

For Te, considering Ej} and j?“ inthe x — z plane and
B, in all directions, the eMChA conductivity tensor has
8 independent non-zero elements [40]:

O-XXXX O-XZZX 0
0 0 Oxxzy

Oijkt = 8 g Tz (7
O-ZXZx
Ozxxy 0 0
GZXXZ GZZZZ 0

As in the previous section, we can measure both the
longitudinal and transverse response when [ is along
z-axis (0 = 0°) and x-axis (8 = 90°). For such current
directions, the longitudinal second-harmonic voltage
(V£®) is given by (for more details, see Supplementary
Section 3 [30]):

_h

0=0 Ve =-4

(I*°)?p3,0,22.Bcos(a)cos(B) (8)

Ly

6 =90° > Ve = =

(I°)?p3x Oxxxx Bsin(a)cos(B) (9)
To explore the longitudinal components, we recorded
V> as a function of the a-angle at B=9 T and 8 = 0°
[Fig. 3(a)]. For I® || z-axis (6 = 0°), the maximum
signal is when B and [ are collinear (B || [® || z), as
indicated by Eq. (8) and in agreement with previous
reports [18]. Interestingly, for I* || x-axis (6 = 90°),
the maximum signal is also when B and [® are
collinear (B Il I® |l x), as predicted by Eq. (9).
Therefore, these results demonstrate the radial
angular momentum texture of Te by purely electrical
means. The eMChA is maximum when the external
magnetic field is parallel to the current-induced
angular momentum accumulation (J;), which points
along the z-axis when the current is along the z-axis
(J; ' I® |l z), and points along the x-axis when the
current is along the x-axis (J, Il I* Il x) [21]. The
longitudinal eMChA is usually related to the spin
texture of the system [21,22]. However, recent
theoretical works suggest that the orbital contribution
may be dominant [48]. Indeed, theoretical predictions
indicate that in Te, the orbital (L;) is stronger than the
spin component (S;) and, thus, dictates the eMChA
response [20,49]. Therefore, as they have the same
symmetry and we cannot distinguish between them in
our experiments, we have decided to use the term
"angular momentum texture" to account for both
contributions (J; = L; +S;). From the fittings, we

obtain the values of Oxxxx = (—=5.31 £
0.48) 107% AV~2T and Oyzzz = (—1.283 %
0.048) 107* AV™2T. The substantial difference

between the magnitudes of g,,,, and o,,,, indicates
that the angular momentum texture of Te is not
merely radial but also anisotropic.
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FIG 3. Crystallographic direction-dependence of eMChA in
Te. (a) V#“and (b) VZ° when [ is along the z-axis (6 =
0°, green curve) and the x-axis (8 = 90°, magenta curve) as
a function of a-angle at 9 T and 8 = 0°. All measurements
were performed at 50 K with |I®| = 1 pA. The solid lines are
fits of the experimental data to Egs. (8)-(11).

The transverse eMChA, i.e. NLPHE, has been much less
[23,24]. Indeed, current
direction-dependent studies, which identify the
connections between the eMChA components and the
crystal symmetry of the studied material, are still
missing. Here, we employ our analysis based on Te
symmetry, which determines that the transverse

studied in literature

second-harmonic voltage (V2“) is given by (see
Supplementary Section 3 [30]):

o L .
0=0- Vfw = _A_JZ-(Iw)prxpzzzo_xzszSln(a)COS(B) (10)

6=90" = VP = = 2 (1) Py Bl0zxnscos(@)cos(B) +
szxySin(ﬁ)] 11

Hence, to explore the transverse components, we
record VZ® as a function of the a-angle at B=9 T [Fig.
3(b)]. We note that, in the a¢-angle dependence at § =
0°, the component g,,,, does not contribute [see Eq.
(11)]. Remarkably, we observe a clear eMChA signal
when [ || x (magenta curve, 8 = 90°) but not when
I? || z (green curve, 8 = 0°). Assuming g,,,, and 0,
to be of the same order of magnitude, V2% is expected
to be larger for I || x, because py, » p,, [see
equations (10) and (11)]. Moreover, V2 in response
to I and B has also a contribution coming from a
combination of non-linear conductivity and ordinary
Hall. For § = 0°, this extra contribution has no impact
when I? || x but does have one when I? | z, and,
therefore, it may cancel out the eMChA component
(see Supplementary Section 4 [30]). From the fitting
to Eq. (11), we quantify the value of 0,,,, = (2.603 +
0.039) 107 AV™2T. More importantly, for both
longitudinal and transverse measurements, our
symmetry analysis perfectly capture the experimental

response (solid lines in Fig. 3), unveiling the
relationships between voltage, current and magnetic
field directions for which the eMChA in Te is allowed.

We further explore the transverse eMChA, by studying
its current-, field-, and temperature-dependence. The
longitudinal eMChA, when defined as a resistance
(R¥® = V£ /1*), is commonly known as BMR because
it depends linearly on [® and B [Egs. (8)-(9)].
However, as dictated by Egs. (10)-(11), the transverse
non-linear resistance (R3® =V32¥/I®) is also
expected to depend linearly on both. To prove this, we
record V¢ for different I® at B = 9 T [Fig. 4(a)] and
for different B at |I“| = 1 pA [Fig. 4(b)], as a function
of f-angle ata = 0° and 8 = 90°. We note that, to fully
demonstrate the accuracy of our symmetry analysis,
we have studied VZ* as a function of a-angle in Fig. 3
and as a function of $-angle in Fig. 4. As observed, the
experimental behavior of V2 is perfectly captured by
Eq. (11), and R3® depends bilinearly on current and
magnetic field [insets in Fig. 4(a),(b)]. The same
bilinear dependence is obtained with the results as a
function of a-angle (Fig. S3 [30]), providing further
evidence of the accuracy of our symmetry analysis. Eq.
(11) includes a term gy, sin(f), but experimentally
no sin(B) dependence is observed. The reason may be
that g, is negligible respect to gy, oritsimpact on
V2® could be cancelled out by the contribution of the
non-linear conductivity combined with the ordinary
Hall effect, which is also allowed for 8 = 90° with the
same sin(B) dependence (see Supplementary Section
4 [30]).

Finally, we studied the microscopic mechanism of the
eMChA [2]. For that purpose, we adapted the analysis
developed for time-odd nonlinear transport in
magnetic systems [50]. Indeed, the external magnetic
field in eMChA plays a similar role to the internal
magnetic vectors in time-odd nonlinear transport
within magnetic systems. However, in the eMChA
analysis, the orbital magnetic field contributions must
also be included [20] (for more details, see
Supplementary Section 5 [30]). The procedure relies
on examining the scaling law between the output
voltage, in this case V2 and the resistivity of the
material, py,:

Vfw — -1 2 3
(10,—)2 =VYPxx + &+ prx + (pxx + NPxx (12)
where 7 is a resistivity-independent parameter, while
Y, 6, € and ¢ only depend on the residual resistivity of
the material. The intrinsic contributions of the eMChA
are included in ¢ and »#n parameters (see
Supplementary Section 5 [30]). To explore the eMChA



scaling law in our Te device, we modulate the
resistivity by varying T [Fig. 1(d)]. Within this T range,
we recorded VZ® for I along x-axis (6 = 90°) as a
function of the f-angleat B=9 Tand a = 0° [Fig. 4(c)].
Hence, we can now represent Vf“’ as a function of T
[inset in Fig. 4(c)] and, thus, as a function of p,., [Fig.
4(d)]. By fitting the experimental data to Eq. (12), we
discern that { term dominates, demonstrating that an
extrinsic mechanism governs the eMChA in Te (see
Supplementary Section 5 [30]). We performed the
same analysis for the longitudinal eMChA with ¥
along the z-axis (6 =0°), obtaining the same
conclusions (Fig. S4, Table S2 [30]). Therefore, we
have successfully identified the dominant microscopic
mechanism in our Te devices. This methodology paves
the way for similar analyses to uncover the
microscopic mechanisms behind eMChA in a wide
range of non-centrosymmetric systems.
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FIG 4. Current-, field- and temperature-dependence of the
eMChA in Te. (a), (b), (c) VZ® when I is along the x-axis
(6 = 90°) as a function of B-angle for (a) different I* at B =
9 Tand T=50K, (b) different Bat T=50Kand [[®| = 1 pA,
and (c) different Tat B=9 T and || = 1 pA. (d) V2® when
I? is along the x-axis (0 = 90°), obtained from the fittings
in panel (c) to Eq. (11), as a function of p,.. The dashed line
is a fit to Eq. (12). Insets: (a) I and (b) B dependence of
R2® = V29/], (c) T dependence of VZ%. The values have
been obtained from the fittings in panels (a), (b), and (c) to
Eq. (11). (d) Sketch of the measurement configurations.
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Supplementary Section 1. Methods

L Chemical Synthesis of Te flakes.-As in our previous paper [16], we synthesized the Te flakes by
chemically reducing sodium tellurite (NagTeOs, 99%) in presence of hydrazine (NoHy) in a basic
aqueous medium at high temperature. We dissolved at room temperature Nay;TeO3 (104 mg) and
polyvinylpyrrolidone (average M,, 29000-PVP 29, 92.1 mg) in 33 mL of type I water by magnetic
stirring. Then, NH4OH solution (3.65 mL, 25% w in water) and hydrazine hydrate (1.94 mL, 80%,
w/w%) were added while stirring. The mixture was transferred to an autoclave that was sealed
and heated at 180 °C for 23 h. We purified the resulting material by successive centrifuge-assisted
precipitation (10000 rpm-1h, Avanti J-26 XPI centrifuge) and redispersion with type I water. Finally,
the Te flakes were redispersed in a dimethylformamide (DMF, > 99.8 %) and CHCl3 (> 99.8 %)
mixture (1.3:1 v/v) to be used in the sample fabrication. All the reagents were purchased from Sigma
Aldrich and used as received without any further purification.

II. Sample fabrication.-Te flakes were redispersed in a dimethylformamide/ CHCl3 mixture (1.3:1
v/v) to be used for the drop-casting of solution droplets at the type I-water/air interface in a
homemade Langmuir trough. After the evaporation of the solvent, Te flakes floating on the wa-
ter surface were picked up (Langmuir-Schaefer technique) with Si/SiO, substrates (Si doped n+,
5 x 5 mm, 300 nm thermal oxide). Isolated flakes with suitable dimensions were selected with an
optical microscope, without knowing a priori the handedness of the flakes. The flake shape and the
contacts were defined through electron-beam lithography performed on a poly(methylmethacrylate)-
A4 /poly(methylmethacrylate)-A2 double layer. The patterning of the flakes was performed by reac-
tive ion etching (Ar gas, 50 W RF power, 5 x 2 min), and Pt was deposited by sputtering for the
electrical contacts. Te has a very anisotropic electrical resistivity and, therefore, the patterning is
needed to properly control the current directionality [Fig. S1(a)].

1II. Electrical measurements.-The devices were wire-bonded to a sample holder and installed in a
physical property measurement system (by Quantum Design) for transport measurements with a
temperature range of 2-400 K and maximum magnetic field of 9 T. We used a Keithley 6221 to apply
a.c. current with a frequency of 31 Hz (ranging from 200 nA to 1 pA) and the longitudinal and
transverse voltage drops were measured at the fundamental and the second-harmonic frequencies
with a dual channel NF LI5660 lock-in amplifier.

In order to obtain reliable MR, Hall, and eMChA parameters from the angle-dependent measure-
ments, it is crucial to remove any undesired contribution from unavoidable sample tilting (at 9 T
even a tiny angle can give a significant contribution). In the first-harmonic transverse experiments,
a tilt between the sample and the holder entangles the contributions from ordinary Hall and planar
Hall effects. Therefore, to address this issue: (1) in the a-dependence experiments, we measure at
positive and negative magnetic fields and calculate the average signal to remove the contribution of
the ordinary Hall effect caused by the tilting (which gives a finite, but not constant, 5 angle) and
obtain the clean planar Hall effect signal, and (2) in the S-dependence experiments, we also measure
at positive and negative magnetic fields, but in this case, we calculate the half-difference signal to
remove the contribution of the planar Hall effect caused by the tilting (which gives a finite, but not
constant, o angle) and obtain the ordinary Hall effect signal. By this process, the two effects are
disentangled. In the second-harmonic experiments, Te shows a non-linear conductivity at zero-order
in B. Hence, to remove the contribution of the non-linear conductivity and to focus on the study of
eMChA, we measure at positive and negative magnetic fields and calculate the half-difference signal.
This procedure removes the non-linear conductivity contribution, which is at zero-order in B, and
leaves the eMChA contribution, which is at first-order in B, unaffected.



Supplementary Section 2. First-order electronic transport of Tellurium

Electrical resistance

The first-order electric field Ef in response to a current j% in the absence of external magnetic fields
can be expressed through the material’s resistivity tensor p;; as Ef = p;;j7. For Te with P3;21 or
P3,21 space group symmetry, the resistivty tensor (considering the electric field and the current in
the z — z plane) has 2 non-zero elements:

=% )) s
Therefore, the electric field along z— and z—axis in response to a current j%* can be written as:
EY = prajy (52)
EY = p..j; (53)
For a rotating current in the plane x — z, j¥ = j¥(sin(0), 0, cos(6)):
B2 = praj®sin(6) (54)
E = p..j*cos(0) (S5)
Separating in longitudinal and transverse components:
I = °[paasin®(0) + pzzcos”(0)] (S6)
T = j¥[pza — pzz]sin(6)cos(0) (57)

Now, using: Ef = V|°/Ly, EY = VP/L, and j* = I“/A, where L and L, corresponds to the
distance between parallel and transverse contacts and A to the cross section, we can rewrite Egs.
(S6) and (S7) in terms of the parameters that we directly measure in our experiments:

L :

Vi = 2Ll prasin(6) + p..cos(6)] (S8)
L, :

Ve = le[pm — pzz)sin(0)cos(0) (S9)

Magnetoresitance

The first-order electric field E¥ in response to a current j¥ and a magnetic field By, can be expressed
through the material’s magnetoresistance tensor Tij as EY = Tij,jy By B;. For Te with P3,21 or
P3521 space group symmetry, the magnetoresistance tensor (considering the electric field and the
current in the z — z plane and the magnetic field in all directions) has 9 non-zero elements [40]:

TIL'II‘(L‘ T$$yy Tl'fZZ Txxyz 0 O
ngl = | Tezor Teoyy Teozz 0 0 0 (510)
0 0 0 0 Tzzmz Tzzry

Therefore, the electric field along z— and z—axis in response to a current j¥ and a magnetic field
By, can we written as:
E;) = Tzz:cm]:)Bg + Tzzyyj:Bi + Tzzzzj;)Bz + szxzj;}Bsz + Twzxyj;)BxBy (812)



Thus, for a rotating magnetic field in all directions, B; = B(sin(a)cos(f), sin(8), cos(a)cos(f)):

EY = Trppej? B*sin®(a)cos®(B) + Tuayyis B*sin®(B) + Trps.js B*cos?(a)cos®(B)+

Tmyzj;’BQCos(oz)sm(B)cos(B) + Typrezj® B*sin(a)cos(a)cos? () + Tyzayfs B?sin(a)sin(B)cos(p)
(S13)

EY = T,.00§° B?sin*(a)cos*(B) + Teryy i< B*sin?(B) + Tiz..j? B*cos®(a)cos®(8)+
Tyrazj B2 sin(a)cos(a)cos® () + Tozayle B?sin(a)sin(B)cos(3) (S14)

If now we consider a rotating current in the plane z — z, j& = j¥(sin(0),0, cos(#)), we obtain:

E¥ = 2j“c08(0) B*[Tyzz-5in(a)cos(a)cos®(B) + Tyouysin(a)sin(B)cos(B)]

+78i1(0) B*[Typzn5in® () cos? (B) + Tuayysin® (8) + Typzzcos®(a)cos? (B) + Tyaycos(a)sin(B)cos(B)]
(S15)

E¥ = 2595in(0) B*[Ty..5in(a)cos(a)cos®(B) + Trzaysin(a)sin(B)cos(B)]
+3908(0) B*[Ty2005in* (00) 08 (B) + Tozyy5in*(B) + Tsrzcos®(a)cos®(B)] (S16)

Finally, separating in longitudinal and transverse components:

Eff = 2j“sin(0)cos(0) B?[Tyzr.sin(a)cos(a)cos®(8) + Typemysin(a)sin(B)cos(B8)]+
§9c08*(0) B*[Ts.005in* () c08®(B) + Thryysin®(B) + T..zcos?(a)cos®(B)]+ (S17)
34 8in*(0) B? [Tz 8i0° () c08* (B) 4 Ty 8% (B) + Trazc08” ()08 (B) + Tyayocos () sin(B)cos(B)]

= 25“[cos*(0) — 5in*(0)] B*[Tysz.5in(a)cos(a)cos® (B) + Tyuwysin(a)sin(B)cos(B)]+
J sm( )c08(0) B?[Ty02:510° () c08*(B) + Ty $in*(B) + Tiazocos? () cos®(B)+ (S18)
Tyay-cos(a)sin(B)cos(B) — T..051n°(a)cos?(B) — Tzzyysinz(ﬁ) —T,...cos*(a)cos*(B)]

Hall contribution

Now, we will include also the Hall contribution. The first-order Hall response to a current ji and a
magnetic field By can be expressed through the material’s Hall tensor R;;;, as EY = Rijkjka. For
Te with P3;21 or P3,21 space group symmetry, the Hall tensor (considering the electric field and
the current in the 2 — z plane and the magnetic field in all directions) has 2 non-zero elements [40]:

0 0 0
7e |0 Riy O
R = 0 —Ry, O (S19)
0 0 0
Therefore, the Hall contribution of the electric field along z— and z—axis can we written as:
E, = R;,,j.B, (S20)
5, = —Readaby (S21)

Thus, for a rotating magnetic field in all directions B; = B(sin(a)cos(B), sin(5), cos(a)cos(B)):

EY = R,.,j2 Bsin(B) (S22)
E? = —Ry.yjg Bsin(f) (523)



If now we consider a rotating current in the plane z — z, j¥ = j¥(sin(#), 0, cos(0)):

E? = Ry, j“cos(0) Bsin(f3) (S24)
EY = —R,.,j"sin(0)Bsin(5) (S25)
Finally, separating in longitudinal and transverse components:
=0 (S26)
EY = R,.,j*[sin*(0) + cos*(0)]Bsin(B) (S27)

As expected, the Hall contribution is purely transverse.
All first-order contributions

If we take into account all first-order contributions: electrical resistance, magnetoresistance and Hall,
we obtain:

' = j°[prasin®(0) + pz-cos®(0)]+
27 5in(0)c0s(0)[Tyzu. B2 sin(a)cos(a)cos? (B) + Tyauysin(a)sin(B)cos(B)]+
§9c08*(0) BTy 200510 ()08 (B) + Trayysin®(B) + Tszzocos® (a)cos® (B)]+ (S28)
3% 8in*(0) B?[Tyz08in° () c08* (B) 4 Ty 8% (B) + Tirzzc08° ()08 (B) + Trayocos(a)sin(B)cos(B)]

EY = j¥[pea — p2z)sin(f)cos(0)+
2j*[cos*(0) — sin*(0)) B*[Ty.ezsin(a)cos(a)cos? (B) + Tyzrysin(a)sin(B)cos(B)]
+5“5in(0)cos(0) B* [ Tyzz5in®(a)cos® (B) + Truyysin®(8) + Trez.cos®(a)cos®(B)+ (S29)
Tray-co8(a)sin(B)cos(B) — Trozesin®(a)cos?(B) — Tyryysin®(B) — Ts...cos’(a)cos?(B)]+
Ry j°[8i0*(0) + cos®(0)) Bsin(3)
Now, using: Ej = V|*/Lj, EY = V¥/L, and j* = I“/A, we can rewrite the expressions (528) and
(S29) in terms of the parameters that we directly measure in our experiments:

L .
Ve = Z” [°[paesin®(0) + pa.cos®(0)]+

Q%stin(Q)cos(Q)BQ[Tmmsz’n(a)cos(a)COSQ(5) + Tpoaysin(a)sin(B)cos(B)]+

%1“6052(9)32[@2”82’722(a)cosQ(ﬁ) + Ty 5in*(B) + Thzzzcos® (@) cos®(B)]+ (S30)

%I‘"sinQ(Q)B2 [Tzz5in* ()08 (B) + Ty 5in*(B) + Tirzzcos* () cos®(B) + Tyay.cos(a)sin(B)cos(B)]
L, :
V= Ilw[pm — p.z|sin(6)cos(0)+

2%]‘“[0032(9) — 8in*(0)] B*[Tyzaz5in(a) cos(a)cos®(B) + Tyaaysin(a)sin(B)cos(8)]+

%I“sin(9)005(9)32[TmmsinQ(a)COSQ(ﬁ) + Ty 5in®(B) + Tizzzcos® () cos®(B)+ (S31)
Trayzc08()sin(B)cos(B) — Tyozesin®(a)cos(B) — Thouyysin®(B) — Tyaazcos®(a)sin®(B)]+

Rzzy%l‘“ [sin2(6) + cos(0)] Bsin(8)



To simplify the analysis, we will study the magnetoresistance and Hall contributions for the particular
cases of current j* applied along z-axis (0 = 0°):

L L
= Z”I“’pzz 4 Z”Isz[szmsin2(a)6082(ﬁ) + Ty Sin*(B) + Tzocos? () cos®(B)] (S32)
Vi = 2L—ALI“’B2 [Tyzasin(a)cos(a)cos®(B) + Truuysin(a)sin(B)cos(B)] + szy%f‘*’Bsin(ﬂ) (S33)

and along the z-axis (6 = 90°):

w

L L . .
= —”I“’pm + —”1“32[Tmmsznz(a)COSQ(ﬁ) + Tmyysan(ﬂ)%-

A A
Tyezzc08? () cos®(B) + Tyay-cos(a)sin()cos(S)] (S34)
Vi = —2%[‘”B2[Tmmsin(a)cos(a)cosz(B) + Tyeaysin(a)sin(B)cos(B)] + szy%IwBsin(ﬁ)

(S35)

Moreover, to isolate the different components, we will consider 2 different rotating planes for the
magnetic field: (1) a-angle dependence with f = 0°, and (2) S-angle dependence with o = 0°.
Therefore, we have in total 4 cases:

(a) a-angle dependence with = 0° and 6 = 0°:

L L .
@ = Z” I“p,, + ZHI“’BQ[Tzzmst(a) + T,...cos%()] (S36)
L
Vi = QfI“BQTmmsin(a)cos(a) (S37)

(b) B-angle dependence with av = 0° and 6 = 0°:

L L .
Hw = Z”przz + ZHIMBQ[TZZnyZTLQ(ﬁ) + TzzzzCOSQ(ﬁ)] (838)
L
Ve = RmzyfI“Bsin(ﬂ) (S39)

(¢) a-angle dependence with 5 = 0° and 6 = 90°:

L L ‘
Hw - ZHprm u ZHIWBQ[Tmm“nQ(O‘) + Tigzzc08% ()] (540)
L
Ve = —27LI“’BQTmmsin(a)cos(a) (S41)

(d) p-angle dependence with o = 0° and ¢ = 90°:

L L ) .
Vi = Z“I‘*’pm + Z”I“’BQ[Tmyyst(ﬁ) + T22008%(B) + Tray-5in(B)cos(B)] (S42)
VP = Rmy%l"’Bsin(ﬁ) (S43)

Therefore, from symmetry considerations, we have obtained the equations which describe the first-
order electronic transport in Te.

Experimental results



We start exploring the zero-field resistivity components. For that purpose, we measured the longi-
tudinal, V} [Fig. S1(b)] and transverse, Vi’ [Fig. S1(c)] first-harmonic voltage as a function of the
f-angle, between the current I and the chiral z-axis, in the absence of external magnetic fields. We
represent the slope of each curve in front of the f-angle [Fig. 1(e)]. As observed, equations (S8) and
(S9) perfectly fit the experimental data, demonstrating a precise control of the current directionality
in our devices.

(a) - . (©)

© 0 0606 06 00

0:4 0:6 0:8 . . 0:4 0:6 1.0
I (nA) I° (uA)

FIG. S1. Disc-like device and zero-field anisotropic resistivity. (a) Optical image of a typical device
used in our experiments. The relative orientation between the current [“ and the chiral axis is
indicated. (b), (c) First-harmonic longitudinal V| (b) and transverse Vi’ (c) voltage as a function of
I at 50 K for different 6 angles. The solid lines are linear fits to the experimental data.

R (B=9T)—R¥(B=0T)
I | — 0°
RTF(B:OlT) for both 6 = 0

[Fig. 2(a)] and @ = 90° [Fig. 2(b)], as a function of (i) a-angle with 5 = 0° (blue curves) and (ii)
f-angle with o = 0° (red curves). From equations (S36), (S38), (S40), and (S42) we can obtain
directly the equations to fit our experimental data:

Next, we measured the longitudinal magnetoresistance MR =

1
0 =0°p3=0°a-dep - MR = —B*T,...sin*(a) + T...cos*(a)] (S44)
pZZ
1
0 =0°a=0°pB~-dep - MR = —B?[T..,,sin*(B) + T....cos*(B)] (S45)
1
0 =90°,8=0°,a—dep - MR = p—BQ[Tmmsinz(a) + Typpzc08 ()] (S46)

0 =90°,a =0° f—dep - MR = LBQ[TQW,,ySinQ(B) + T222€08>(B) + Ty sin(B)cos(B)]  (S47)
As we can observe, these equations perfectly capture the experimental response [Fig. 2(a),(b)]. To
further study the longitudinal magnetoresistance, we also measured the MR as a function of the
magnetic field when applied along z-, y-, and z-axis, both for # = 0° [Fig. S2(a)|] and 6 = 90°
[Fig. S2(b)|. Independently on the current direction, the material shows negative MR when B is
aligned with the z-axis. The MR curves do not follow a parabolic dependence with B. However,
they are even with respect to B, as expected. The later, differentiate a transverse signal arising from
the magnetoresistance from a true Hall effect, which is odd with B [46] (for more details, see Hall
contribution section).

We also study the temperature dependence of the MR between 10 K and 200 K. We focus on the
MR for § = 0°, when B is applied along the z- as well as the z-axis. As we can observe in Fig. S2(c),
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when B is applied along the z-axis, the MR magnitude decreases with increasing the temperature,
but still negative between 0 and 9 T. In contrast, when B is applied along the z-axis (Fig. S2(d)),
we observe significant changes with temperature. At 10 K, it is negative until approximately 4 T
and then becomes flat. At 50 K, it is negative until approximately 3 T and then becomes positive
and parabolic. Finally, for 100 K and higher temperatures, the MR is positive and parabolic for the
whole magnetic field range.

Now, we focus on the transverse response. For that purpose, we measured the transverse first-
harmonic resistance RY = % for both 6 = 0° |Fig. 2(c)] and € = 90° [Fig. 2(d)|, as a function of (i)
a-angle with 8 = 0° (blue curves) and (ii) S-angle with o = 0° (red curves). From equations (S37),
(S39), (S41), and (S43) we can obtain the equation to fit our experimental data:

0=0°8=0%a—dep — R = 2%BQTM$ZSin(a)cos(a) (S48)
0=0°,a=0°p3—dep — Ry = Rmy%Bsm(ﬂ) (S49)
0 =90°,8=0° a—dep = R} = —2%B2Twmzsm(a)cos(a) (S50)
6 =90°,a=0° —dep — RY = Rmzy%Bsin(ﬂ) (S51)

We highlight that the component T.,. describes what is usually called planar Hall effect. However,
it is even with B and it comes directly from the MR tensor, so it is not a true Hall effect. Moreover,
the amplitude of the Planar Hall effect [Fig. 2(c),(d)| (blue curves) is much lower that the one of
the longitudinal MR [Fig. 2(a),(b)|. In the measurements of planar Hall effect in ferromagnets, the
amplitude is linked to the amplitude of the longitudinal anisotropic M R, but here it is not, 7.,
is independent to Typu0, Thgzz, Thzza, and T.... To further study the Hall component R,.,, we also
measured RY as a function of B, for § = 0° [Fig. S2(e)| and 6 = 90° |Fig. 2(f)|]. From the positive
sign, we identify that the transport is dominated by holes; and from the magnitude ( R4 = B, /tn,e),
we obtain the carrier density at 50 K: n, ~ 6.5 x 10'"cm ™. Finally, we summarize in Table S1 the
values of resistiviy, MR and Hall components obtained from the fittings of the experimental data.

TABLE. S1. Dimensions, zero-field resistivity, MR and Hall components at 50 K and 9 T.

t (pum) 0.11
w (pm) 0.79
Dimensions A (pm?) 0.087
LH (,um) 2.95
L, (pm) 4.27
Resistivity Pre (2m) 1.81 103
P2 (Qm) 4.09 104
Tovae (VMA™T?) (1.01 £ 0.19) 1077
Txxyy (VmA_lT_Q) (494 + 022) 107
Trzzz (VMATIT™?) (—1.178 + 0.021) 10-°
MR components Trey. (VMA™IT2) ~ 0
T,one (VMA—IT2) (2.77 £ 0.17) 1078
f (VmA‘lT_Q) (1.360 + 0.()22) 10-7
T,... (VmA~IT2) (—1.658 £ 0.017) 1077
Tooze (VMA™IT™?) (2.74 + 0.19) 10~°
Hall component Ryzy (VAT (1.754 £ 0.013) 107
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FIG. S2. Additional data of first-order electronic transport on Te. (a), (b) Longitudinal MR as a
function of B when applied along z-, y-, and z- axis, for (a) # = 0° and (b) # = 90° at 50 K. (¢), (d),
Temperature dependence of longitudinal MR for § = 0° as a function of B when applied along the
(¢) z-axis and (d) z-axis. (e), (f), RY as a function of B, for (e) # = 0° and (f) § = 90° at 50 K.

Supplementary Section 3. Second-order electronic transport of Tellurium

The second-order nonlinear current density j2 in response to an electric field E%) and magnetic field
By can be expressed through the material eMChA conductivity tensor o;ji as j2 = ol B By.
For Te with P3;21 or P3,21 point group symmetry, the eMChA tensor (considering the electric field
and the current density in the z — z plane and the magnetic field in all directions) has 8 independent
non-zero elements [40]:

O‘Z’Z’EZ’ O-Z'ZZZ' 0
0 0 Opazy
Tijkl = 0 0 Tuoms (S52)
0 0  Oupee
s S 0 0
szxz O-ZZZZ 0

For an in-plane electric field E¥ = (E%,0, E¥), the second-order current density j2 is given by:

(ji“’) _ (o—sziBz + 020 B2 By + 20002y E, B B, + QUWEIEZB@/) (853)

jzw 20zzzzEmEsz + Uzz‘zyEgBy + O-zzrzEgngz + UzzzzEng



In our experiments, we apply current and measure voltages. Therefore, we have to swap from
conductivities to resistivities. Considering the electrical and eMChA conductivities, the current
response is given by:

ji = 0% EY + oy EY EY By (S54)

VAR

We define the analog coefficients in resistivitiy as:
E; = pijgi + pijm; r Bi (S55)

Plugging Eq. (S55) back into Eq. (S54) and equating order by order, we can obtain the eMChA
resistivity pjju:
T3 PikimIE T Bm + TijhiPjm T Phnds B = 0 (S56)
which gives after some relabeling:
Pabed = —OijmdPiaPjbPmc (S57)

Therefore, now we can write the second-order electric field E* as a function of oy

(ng) _ (Pizamm(j:)QBx -t Pmpzzaa:zzx (]‘;)QBx + 2p92rxpzzo-:cxzijwj:)By + 2P2xpzz0x:czzj;)jfo)
E?” B QPzEPZzUzzzzj:j‘;Bz + p?:zpzzazmy(j;))QBy .3 p?:a:pzzazmz (j;))QBz + pgzazzzz (j;))2Bz

(S58)
For an in-plane current j¥ = j“(sin(f),0,cos()) of amplitude j* and angle § measured from the
chiral axis (z—axis):

E2w

ﬁ = —pixammsinQ(Q)Bm = pmpzzamszOSQ(@)Bx

](A)
—2pi$pzzamzysin(0)cos(9)By — 202 D220 2z.510(0)cos(0) B, (S59)
E?w

)2 = 2pmpizazwmsin(9)cos(9)Bx - pizpzzazmysinQ(@)By
](A)
— P2 P22 ne5In*(0) B, — p°.0....co5%(0) B, (S60)

Separating parallel and transverse components:
Eﬁ“’
(44)?

— 030022000z + 207, P2200022)510%(0)c08(0) B — (00?0 0zz0 + 2022P?,0z0z0)5i0(0)cos(0) B, (S61)

= — 0} OaneSIN®(0) By — p°.0....c08>(0) B, — [p2 10220 s0ay + 202022 0r02y)510° (0)cos(0) B,

E2w
( .J_)z - p?:xpzzazmz'SinS(e)Bz - pmpzzazzzxcos?)(e)Br + [_pixamm + QPMPzzazmzx]SinQ(Q)COS(Q)Bz
jUJ

+[pgzazzzz - QPixpzzUzIZZ]Sin(e)cosz (0)B. — QPixpzzarrzySin(e)COSQ(G)By + pixpzzazzzySinB(e)By
(S62)
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For a rotating magnetic field: B = B(sin(a)cos(8), sin(B), cos(a)cos(B)), we obtain:

EQw
(juljl)z = —p3 Opueasin®(0) Bsin(a)cos(B) — p°,0....cos*(0) Beos(a)cos(B) — [piﬁpzzazmy%-
202 P20 02y 803 (0)cos(0) BSin(B) — (02,0220 sowz + 202002202222 8i0%(0) cos(0) Bsin(a)cos(8)—

[PeeP>.Orzen + 2P0eP> O znzn) 8i0(0) cos* (0) Bsin(a)cos(3) (S63)

EQw
( })2 = P2 P20 2205107 (0) Bcos () cos(B) — paap?.0pszecos®(0) Bsin(a)cos(B) — [p2 0 vawat
](/J

prxpzzamm]sinQ(Q)COS(Q)Bsin(a)cos(ﬂ) + [pizazzzz — Qpimpzzamzz]sinw)cos?(G)Bcos(a)cos(,é’)—
202 D220 02y Sin(0)cos®(0) Bsin(B) + p2,0220 -azysin’ (0) Bsin(B) (S64)

As in previous sections, we study the particular cases of j applied along z- (f = 90°) and z-axis
(6 = 0°). We obtain for Ef*:

EQw
0=0"— (jul)|)2 = —p% 0.... Bcos(a)cos(B) (S65)
2w
0 =90° — (jul)l)Q = —p> Opwea Bsin(a)cos(B) (S66)
And for E% :
2w
=0 — (jj)2 = — PP OznBsin(a)cos(B) (S67)
E%
0 =90° — ) = — P2 P20z Beos(a)cos(B) (S68)

Finally, using: Ef* = V?/L, E% = V#*/L, and j* = I*/A, we can rewrite Egs. (S63) and (S64)
in terms of the parameters that we directly measure in our experiments. We obtain for V||2“’:

S
=0 — iBE = —ﬁpzzazzzchos(a)cos(ﬁ) (S69)
6 =90° — (Il’)Q = —%pirammBsin(a)cos(ﬁ) (S70)
And for V& :
0= o = L Bsin(a)cos(9) s71)
6 =90° — Ve __Lis 202wz Beos(a)cos () (S72)

(Iw)Q - _Flommpz

Which are equations (8), (9), (10) and (11) in the main text.

We investigate VH2‘*’ (Fig. 3a) and V3 (Fig. 3b) as a function of a-angle at 8 = 0° and |B|=9 T,
for current along z-axis (f = 0°) and z-axis (0 = 90°). As observed, the equations obtained from our
symmetry analysis perfectly capture the experimental response.
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On the following, we will focus on the transverse eMChA, i.e. non-linear planar Hall effect, at 6 = 90°.
In the main text, in order to further study this component, we recorded V2 for different currents
at B =9 T |Fig. 4(a)| and for different magnetic fields at |I“| = 1uA [Fig. 4(b)|, as a function of
B-angle at o = 0°. Here, we also explore the current and field dependence of V but rotating B in
the a-plane at 8 = 0° [Fig. S3|. As observed, our equations perfectly fit the experimental data both
in the a- and S-angle dependence studies (solid lines in Fig. S3 and 4, respectively). We summarize
in the main text the values of the eMChA components obtained from the fittings of the experimental
data to equations (S69), (S70) and (S72).

|4 -10- ¢

1 -20¢ .

‘ . 0 I” (uA?) 30 . L0 BM 9

-90 0 90 180 270 -90 0 90 180 270
o (deg) o (deg)

FIG. S3. Current and field dependence of the eMChA in Te. (a), (b) Second-harmonic transverse
voltage (V) when current is along the z-axis (6 = 90°) and 3 = 0° as a function of a-angle for
(a) different applied currents (|| = 0.2, 0.4, 0.6, 0.8, and 1.0 pA) at 9 T and 50 K, (b) different
external magnetic fields (B = 1, 3,5, 7, 9 T) at 50 K and |I*| = 1uA. Insets: (a) Current I, and
(b) Magnetic field B dependence of R* =V /I“. The values have been obtained from the fittings
in the main panels (a) and (b) to Eq. (S72).

Supplementary Section 4. How a combination of non-linear conductivity
and ordinary Hall can give a contribution that
mimics eMChA

If we also take into account the non-linear conductivity x;;, [16] and the Hall conductivity o/, we
realize that more terms, by the combination of different contributions, appear into the resistivity. In
general, the full current response is given by:

ji = 0 EY + xijn BY EY + 0 EY By + 03 EY EY By (S73)
where we have considered the electrical conductivity o?j, the non-linear conductivity x;;x [16], the Hall
conductivity agk, and the eMChA conductivity o;jp;. We define the analog coefficients in resistivitiy
as:
E; = pijj; + pgﬂ)c]j Jk + Rijkg; Br + pijrid; Jr Bi (S74)
Plugging Eq. (S74) back into Eq. (S73) and equating order by order, we can relate conductivities to
resistivities. At zero-order in B and first-order in E we find U%ij = 0. To second-order in E, we
find:

U?jp§'k)13k]l + XijkPjmImPhnJn = 0 (S75)
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which is equivalent to:

2) 2wew (W W
p;k)ljkjl = —PpiXijkPjmPknImJn (S76)
Now, relabeling indices:
2
ng;)g = —PiaXimnPmjPrk (S77)
To first-order in B and FE, we find:
09 Rinj By + 0 pimi By = 0 (S78)
which gives:
Rijk = —paoihipm; (S79)
Finally, to second-order in E and first-order in B, we have:
. . W W " 2)  wow o .
o ?jpjklm]k 31 B 4 Xk (Pj1Ji Riemn o B + Rjmn o Bnprd)’) + agkp§n)m IndmBr + TijriPimImPrndn Br = 0
(S80)
which gives after some relabeling:
Pabed = [(Xijkalljnd £ Ximkal?d + ijmo-ill_{i) Pkl — Uijmd] PiaPjbPme (S81)
To summarize, the relationship between resistivities and conductivities is given by:
2
Pl(-j;)c = — Pt XimnPrmjPrk (S83)
Riji = — POl pm; (S84)
Pased = [ (Xijkima + Ximkagd + XkjmOig) Pkt — Oijmd) PiaPjbPme (S85)

The last term in equation (S85) refers to the eMChA contribution, and the first three therms to
the combination of non-linear conductivity and Hall effect. For Te, with P3,21 or P3521 space
group (twofold axis in the z-direction and chiral axis in z-direction), we have p,, = p,, and p,.

i N A for Hall, and Xuzo = —Xayy = —Xyay a0d Xayz = —Xyze fOT

for resistivity, Oy = —Osye and o,
non-linear conductivity. Therefore, for our material we obtain:

Pzzzz = _O-zzzngz (886)

Pzarz = _o'zxmzpzzpig; (888)

Prazy = —OzzayPezPog + XawaO wnyPog Pz (S89)

Przze = _O-xzza:pacx,oiz + 2szyafzxp:cxp§z (890)
Taking into account all the contributions to V2

o VI Ly
0=0"— 172 = —A—pzzazzzchos(a)cos(ﬁ) (S91)
V2w L ) L

0 =90° — # = —A—!pixammBszn(a)cos(ﬁ) — A—!pirxmm (S92)

0=0° LU Bsi oLt a ’ Bsi S93

- — (IW)Q - A2 PraPr:0xzzx szn(oz)cos(ﬁ) + A2 Xl'zyo-yzzpyypl‘xpzz SZn(a)COS(B) ( )

. V2w L L .
0 =90° — (Ii)Q = —A—;pixpzzazmzBcos(a)cos(ﬁ) — A—;piwpzzazmyBsm(B)

L .

+ A—JZ_szUZgypixpzzBSln(ﬁ) (S94)
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We note that the term %pixxxm in Eq. (S92) does not contribute to our magnetotransport ex-
periments, because we measure at positive and negative magnetic fields and we calculate the half-
difference. Therefore, terms at zero-order in B are removed (for more details, see Supplementary
Section 1, III. Electrical measurements).

Supplementary Section 5. Scaling law of eMChA

To unveil the microscopic mechanism behind a transport effect it is convenient to study the scaling
law of the output voltage with the resistivity of the material. This methodology has been developed
for many years and finally polished by Hou et al. [31] to study the anomalous Hall effect, and
later adapted by Du et al. [5] to understand the non-linear Hall effect. Recently, Huang et al.
proposed a scaling law for time-odd non-linear transport in magnetic materials [50]. In these systems,
the role of internal magnetic vectors is similar to that of an external magnetic field in eMChA.
Additionally, in eMChA, orbital magnetic field contributions should also be considered. Thus, by
including this additional orbital contribution, the scaling law developed for time-odd non-linear
transport in magnetic systems can be extended to apply to eMChA. The proposed scaling law for
time-odd non-linear transport in magnetic systems is as follows:

vz
(1¢)?

= Vppa + 0 + Epuz + (P2 + P2, (S95)

where 7 is a resistivity-independent parameter, while v, §, £ and ¢ only depend on the residual
resistivity of the material. The intrinsic Berry-connection polarizability [32] and the non-linear
Drude term [33| are included in 7 and & parameters, respectively. The other contributions are a
combination of skew-scattering and side-jump extrinsic mechanisms.

To incorporate the extra orbital magnetic field contributions in eMChA, we add the Berry curvature
and Zeeman coupling mechanisms computed by Liu et al. [20]. The authors demonstrate that
both terms scale quadratically with the scattering time and, therefore, must be included in the &
parameter. The Zeeman contribution is analogous to the non-linear Drude term in magnetic systems.
Consequently, the scaling law for eMChA has the same form as the scaling law for time-odd non-linear
transport in magnetic systems, with the intrinsic Berry-connection polarizability in the n parameter
and the Zeeman coupling and Berry curvature included now in the £ parameter.

To study the eMChA scaling law in our system, we modulate the resistivity by varying the sample
temperature [Fig. 1(d)]. In the main text, we investigate the transverse component for § = 90°.
Here, we also include the study of the longitudinal component for § = 0°. In this configuration, the
scaling law can be written as:

Ve

( ]lw)z = Y5 + 8 + Epaz + oo, + 16l (S96)

We note that the Berry-connection polarizability mechanism was initially reported to be purely
transverse [32]. However, later studies suggest that it also contributes to longitudinal non-linear
transport [34, 35]. In our experiments, as we detail below, this contribution is not significant.

Hence, to unveil the dominant microscopic mechanism on Te, we study the temperature dependence
of VHZW for 6 = 0° as a function of the a-angle at B = 9 T and 8 = 0° |Fig. S4(a)]. Now, we
can plot V||2‘“ as a function of temperature |Fig. S4(b)|, and as a function of the resistivity |Fig.
S4(c)]. By fitting the experimental results to Eq. (S96), we recognize that the quadratic ¢ term
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dominates (Table S2). Therefore, we can confirm that both longitudinal and tranverse eMChA in
Te are dominated by extrinsic mechanisms. In table S2, we summarize the values of ~, 9, &, ( and 7
obtained from the fittings of the experimental data to Egs. (S95) and (S96).

TABLE. S2. 7, 4, &, C and 7 values obtained from the fitting of the experimental data.

v (mV*A~?) 5 (VA?) £ (A'm™) ¢ (m?Vh 5 (mPAV?)
Transverse ~0 (—9.6 £2.9) x10 7 (2.80 £ 0.46) x10° —2.44 £ 0.17 ~0
Longitudinal ~0 (1.28 + 0.14) x107° (—8.84 + 0.78) x1072 156 £ 11 ~0
(a) 4 . : . (b)-3 . : (©)-3 y
I=14A >0 P
=1p -
N
ﬂ:OO ~ /}:00 /
-2 0=0° 2F = 6=00 y
200 /
’
3
-1 -1F 7/
\ ,
~~ ~
_4 1 1 1 0 1 L 0 1 1 1
-90 0 90 180 270 50 100 150 200 3.0 3.5 4.0
a (deg) T (K) Pz (1074 Q:m)

FIG. S4. Scaling law of eMChA. Second-harmonic longitudinal voltage (VHQ‘“) when current is along
the z-axis (0 = 0°) as a function of (a) a-angle for different temperatures (7' = 50, 70, 90, 110, 130,
150, 170 and 200 K), (b) temperature, and (c¢) resistivity along the z-axis (p,.). The data in panel
(b) is obtained from the fittings in panel (a). The measurements were performed at 9 T, 8 = 0°, and
[I¥| =1 pA.
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