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% Check for updates Nonreciprocal charge transport in junction-free devices has gained strong

research interest recently, due to its capabilities to reveal new quantum phy-
sics and potential in outperforming traditional junction-based nonreciprocal
devices. While nonreciprocal transport has been reported in a wide range of
materials due to various exotic physics, the direction of nonreciprocity is
mostly fixed. A key capability that has not been established is the active control
of the direction of nonreciprocity. Here by taking advantage of the unique and
intrinsic coexistence of switchable ferroelectricity and magnetochiral aniso-
tropy in few-layer polar metal WTe,, we demonstrate nonvolatile electrical
switching of nonreciprocal transport. The direction of nonreciprocal transport
is reversed upon electrical switching of the ferroelectric polarization, and the
switching is nonvolatile, i.e., it can be maintained even without external vol-
tages. The nonreciprocal transport in few-layer WTe, is also highly tunable
with electrostatic doping. Theoretical calculations reveal a nontrivial Drude-
like mechanism for the reciprocity, with significant band geometrical con-
tribution due to interband coherence. The demonstration of nonvolatile
electrically switchable nonreciprocal transport provides a novel route to
switch topological quantum physics and paves the way to programmable
junction-free diodes.

Traditional rectifiers utilize diodes, mostly based on semiconductor
p-n junctions with inversion symmetry broken at the interface to
transform alternating current into direct current. This rectification
effect can be simply written as the nonreciprocity of resistance with
respect to the current direction, i.e., R(/) # R(—1), and it has been one of
the building blocks of modern semiconductor technologies. Recently,

junction-free nonreciprocal electrical transport has been reported as a
material’s inherent property in a wide range of materials arising from
different mechanisms' . It has attracted intensive research interest
because of its relevance to both fundamental studies and potential
applications. From a fundamental perspective, such nonreciprocal
transport provides an insightful approach to study intrinsic physical
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properties, such as symmetry breaking’™*, spin-orbit coupling
chirality”®, quantum geometry’**, etc. In terms of potential appli-
cation, such junction-free nonreciprocal transport recently has been
used for terahertz sensing®, broadband frequency mixing® and high-
performance energy harvesting®.

While the nonreciprocal transport has been widely reported, its
active control has turned out to be more challenging. So far, several
ways have been demonstrated to manipulate nonreciprocal transport,
with electrostatic gating'>****, altering field angles'®, switching
magnetic polarization®'*??*, etc. Despite these progresses, a key
manipulation capability that has not been established for non-
reciprocal transport, but is highly desired, is the nonvolatile electrical
switching of the direction of nonreciprocity. One possible way to
achieve it is through coupling nonreciprocal transport with a non-
volatile electric field, e.g., a ferroelectric field. However, it turns out
fundamentally challenging because the nonreciprocal transport in
noncentrosymmetric material is typically associated with metallicity,
which is incompatible with ferroelectricity due to the strong screening
effect of their free carriers*** . The recent discovery of sliding fer-
roelectricity in two-dimensional metallic materials®*** provides an
efficient route to achieve the electric switching of structural polarity
through ferroelectric coupling. Such ferroelectricity has been shown
to critically influence symmetry-dependent physical properties in a
material, leading to direct nonvolatile control of these properties®°.
Due to the unique combination of intrinsic semi-metallic property
and room temperature ferroelectricity® ™, two-dimensional WTe,
serves as a great platform to explore the effects of ferroelectricity-
coupled structural polarity on nonreciprocal transport. Moreover, the
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strong spin-orbit coupling® and nontrivial band structure*®*' in WTe,
also give rise to chiral Berry curvature monopoles near the Weyl
points, which leads to giant enhancement in its nonreciprocity" .
WTe, crystallizes in the Pmn2; point group, with inversion sym-
metry broken along z-axis, giving rise to a structural polar axis along
out-of-plane direction (Fig. 1a). This structural polarity in WTe, is
coupled with ferroelectric polarity, which can be electrically switched
by using a dual gate device configuration (Fig. 1b). Additionally, when
the time reversal symmetry is broken by an external magnetic field, the
nonreciprocal resistance of the polar metal can be expressed as:
R(I, H)=Ro(1+ BH* +y(PxH) - I) @
Where R, is the ordinary resistance, 8 is the normal magnetoresistance
coefficient, and y is a coefficient of the nonreciprocal transport. When
ferroelectric polarization is along the +z direction (denoted as P* in
the following text) and magnetic field is applied perpendicular to the
polar axis and current, the nonreciprocity of the system causes /= >/%,
or R(I™)<R(I™) (Fig. 1c, d). When the polarization is switched to the -z
direction (denoted as PV in the following text) by dual gate voltages,
the ferroelectricity-coupled structural polarity switching causes non-
reciprocity to switch sign, that is, /- </*, or R(I*)<R(I") (Fig. 1c, d).
The vector-product-type nonreciprocal term can be experimentally
probed by second harmonic measurements (Fig. 1e), which reaches
maximum when the polar axis, magnetic field, and current are
orthogonal to each other (8=¢=90°). Using nonlinear transport
measurements, we explicitly observe reversed nonreciprocal transport
in few-layer WTe, upon electrical switching of its ferroelectric
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Fig. 1| Ferroelectric polarization and polarization induced nonreciprocal
transport in WTe,. a Crystal structure of tetralayer WTe,, with mirror plane M and
the gliding plane G labeled by red dashed lines, respectively. The polar axis along
z-axis is labeled by the red arrow. b Schematic illustration of a dual gate device
structure. Gate voltages V, and V}, can be independently applied to the top and
bottom graphite, respectively. When applying both gate voltages along z direction,
the vertical electrical field drives an interlayer sliding (shown as red arrow) through
a mirror operation IWZ and realizes the switching of ferroelectricity as well as
structural polarity. The figure is created partly with VESTA®, ¢ Schematic of the
coupling between ferroelectric polarization and nonreciprocal transport. Under an

applied in-plane magnetic field H, the ferroelectric polarity of the system causes
nonreciprocity that manifests as /" #/~, and this nonreciprocity can be reversed by
reversing the ferroelectric polarity of the system. d The d.c. /-V characteristic of the
rectification effect in WTe,. The nonreciprocal transport in WTe, causes a rectifi-
cation effect on current, reflected as a nonlinear IV curve, that switches sign when
ferroelectricity is switched from P* to PY. e Measurement schematic of non-
reciprocal transport in noncentrosymmetric polar system, second harmonic vol-
tage V2% is probed while applying an a.c. current /%, along longitudinal x direction.
Angle 6 and ¢ denotes the direction of magnetic field H with respect to the y- and z-
axis, respectively.
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Fig. 2 | Switchable nonreciprocal magnetoresistance in tetralayer WTe,. a First-
order longitudinal resistance R, under sweeping vertical electrical field £, . Arrows
denote sweeping direction. b Dual gate mapping of resistance difference between
two opposite sweeping directions. The black dashed line is a trace of £, =0.
Magnetic field dependence of AR2® at ¢ positive polarization Pt and d negative
polarization PV under zero electrical field and zero net doping. 8 = 90° corresponds
to magnetic field H along y direction, perpendicular to the current. =0°

corresponds to the magnetic field H along x direction, parallel to the current. Insets
denote the relative orientation between the current magnetic field and polar axis.
e Angular dependence of AR2® when sample rotates within the yz plane for the two
ferroelectric polarizations, shown by the shaded area in the inset. The solid lines are
sin ¢ fittings of the data. f AR% under different applied a.c. current / for the two
ferroelectric polarizations. The dashed lines are linear fittings of the data. All
measurements were performed at 2 K.

polarization. Moreover, the switching is nonvolatile and can be
retained without external voltages. By overcoming the fundamental
barrier imposed by incompatibility between ferroelectric field and
metallic transport, our demonstrations establish a highly relevant
control scheme for nonreciprocal physics and electronics.

Results

Electrical switching of nonreciprocal transport in WTe,

To effectively control the ferroelectricity in WTe,, we implemented the
dual gate configuration where few-layer WTe, flake is sandwiched
between two graphite/boron nitride (hBN) gates with hBN thickness d,
and d, (Fig. 1b). The vertical electrical field along the out-of-plane
direction can be calculated by:

_(Vydi+Vy/dy)

E, 3 ()]
And the net electron doping of the sample is given by:
fe = enpnEo(Ve/di + Vp/dp) 3)

e

Where g5y & 3.5 is the relative permittivity of hBN. By applying dual
gate voltages simultaneously according to the equations above, we can
achieve independent control over electrical field and charge doping
in WTe,.

We use standard 4-probe technique to measure both first (V)
and second (V22) harmonic longitudinal voltages under a.c. current /%,
(Fig. 1e). The resistance of sample at first and second harmonic degree

can be calculated by:
Ry =V&/ha(n=1,2) )

During measurement, an a.c. current [, =/, sin(wt) passes
through the sample while applying an magnetic field H, and the mag-
netoresistance corresponding to the nonreciprocal transport con-
tribution can be derived by:

YRoHI sin@sin ¢

3 ©)

AR -

We systematically studied the nonvolatile electrically switchable
nonreciprocal transport in trilayer, tetralayer and pentalayer WTe, in
devices D1, D2 and D3, respectively. The results are mostly similar
across different devices, and we discuss the data from tetralayer WTe,
in the main text and the other two in Supplementary Information
(Sections S5 and S6). The details of all devices are summarized in
Supplementary Information S1, and we note that current is injected
mostly along crystal a-axis in all devices, as confirmed by our scanning
tunneling electron microscopy (STEM) measurement results.

We first confirm the ferroelectricity of tetralayer WTe, by mea-
suring the vertical electrical field dependence of first-order long-
itudinal resistance R}, at 2K. Figure 2a shows the butterfly shaped
hysteresis loop in Ry due to ferroelectric polarization switching,
consistent with previous report®. This butterfly shaped hysteresis
behavior can be explained by the perturbation of conductance upon
internal electrical field switching, causing a sudden resistance jump
upon polarization switching®. The ferroelectric polarization switching
from P? to PV (PY to P1) can be achieved with a critical field £, of
-0.4Vnm™ (+0.2Vnm™). The asymmetric critical fields can be
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Fig. 3 | Temperature and doping dependence of nonreciprocal magnetoresis-
tance in tetralayer WTe,. a Magnetic field dependence of AR2® under Pt/ P
polarizations at different temperatures from 2 to 175 K. b Temperature
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c Electron doping dependence of nonreciprocal coefficient y at2 K with £, =0. The
error bars in b, ¢ represent uncertainties in deriving the value y.

ascribed to a small built-in field during fabrication of the hetero-
structure device® or charge trapping effect between sample-barrier
surfaces®*>. We also performed dual gate mappings on RY, to com-
prehensively showcase the ferroelectricity of WTe,. Figure 2b plots the
dual gate mapping of the difference of resistance between two
opposite sweeping directions, written as AR%,. The result shows but-
terfly shaped hysteresis behavior throughout the center hysteretic
region that also resembles previous report’..

We then performed nonreciprocal transport measurements
under both ferroelectric polarizations. To achieve nonvolatile elec-
trical control of the polarization, the ferroelectric polarization is
preset to P (PV) state by sweeping vertical electrical field to max-
imum value along +z (-z) direction then returning to £, =0.Under an
a.c.current/=200 pA, the second harmonic resistance R2® of sample
under P? state is measured while the in-plane magnetic field is
applied either perpendicular (6 =90°) or parallel (8=0°) to the cur-
rent. The second harmonic signal is antisymmetrized with respect to
magnetic field to extract the second harmonic nonreciprocal mag-
netoresistance AR2® and rule out any field-independent contribu-
tions (See Supplementary Information S3 for details of the
antisymmetrization process). We observe a nearly linear field
dependence of AR2® to magnetic field when 8=90° and vanished
signal when 6= 0° (Fig. 2c), which are consistent with Eq. 5 and are
direct evidence of the nonreciprocal transport in WTe, dedicated to
structural polarity.

Most importantly, when the ferroelectric polarization is reversed
to Py state, the field dependence of ARi,‘:’ at 8=90° shows opposite

slope (Fig. 2d), indicating a sign reversal of the nonreciprocity in WTe,
and a clear coupling between ferroelectric polarization switching and
direction of nonreciprocal transport. The absence of external voltage
in all the measurements (Fig. 2c, d) demonstrate the nonvolatile nature
of the nonreciprocity switching. Such nonvolatile electrical switching
of nonreciprocal transport has not been demonstrated before and
establishes a key component for future exploitation of junction-free
nonreciprocal electronics.

The switchable nonreciprocal transport is further proved with
rotating magnetic field and varying injection current. Figure 2e shows
the field angle dependence of ARiQ when sample is rotated in yz
plane under constant magnetic field of 7 T. We note that in a few-layer
WTe,, the inversion symmetry along in-plane a-axis is also broken,
creating an in-plane polar axis*. This in-plane polar axis can lead to a
second harmonic signal under out-of-plane field. For the clarity of
demonstration, the signal due to this fixed in-plane polarization is
removed (see Supplementary Information S4 for details of the pro-
cess) and the angle dependence plot only shows the contribution of
the out-of-plane ferroelectric polar axis. The AR under both fer-
roelectric polarizations shows a one-fold dependence of field angle
that agrees well with sin ¢ relation. Figure 2f shows the ARi? under
both ferroelectric polarizations under different injection currents,
the signal scales linearly with / and the sign reversal feature is
observed for all current amplitudes. All results above provide direct
justification for the existence of polarity-induced nonreciprocal
transport in tetralayer WTe, and its signal reversal upon ferroelectric
switching.
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Fig. 4 | Microscopic origin and layer dependence of nonreciprocal magne-
toresistance in WTe,. a Nonlinear conductivity tensor element x,,,, as a function
of a2, for the two ferroelectric polarizations. The data points represent experi-
mental results, linearly fitted by the dashed lines, and the solid lines denote theo-
retical calculations for the respective polarization states. b Antisymmetrized
nonlinear conductivity A,,,, at 2K as a function of carrier density n, representing
the signal from P state. ¢ Calculated nonlinear response Xy, as a function of n for

Layer number

P at 2 K. The total contribution and the contributions from spin and orbital
magnetic moment are plotted separately. d Band structure of tetralayer WTe, with
spin-orbit coupling. e Momentum-resolved distribution of the y-component of the
orbital magnetic moment M? in the band structure. A pronounced enhancement of
the orbital magnetic moment is observed near the Fermi level, particularly around
band small-gap regions. f Layer dependence of nonreciprocal coefficient y of tri-
layer, tetralayer and pentalayer WTe, at 2 K.

Temperature and doping dependence of the nonreciprocal
magnetoresistance

Next, we investigate the temperature dependence of the nonreciprocal
magnetoresistance when magnetic field is swept along y direction
(6=90°). Under all temperatures, AR2® remains linear to field (Fig. 3a),
but the signal slope decreases monotonically with increasing tem-
perature, before vanishing at ~175K. To show the strength of the
nonreciprocity in WTe,, we have extracted the nonreciprocal coeffi-
cient based on Eq. 5 as:

_20R%Y
RoHI,

(6)

At 2 K, the maximum nonreciprocal coefficient is calculated to be
~0.23/-0.15A" T™ for P1/P+¥ polarizations, comparable with previous
reports on bulk systems with large nonreciprocal signal'®, Comparing
signals of the two ferroelectric polarizations, we note that y remains
opposite sign and similar magnitude in all measured temperatures
until vanishing at ~175K (Fig. 3b), suggesting the same origin of the
nonreciprocal transport under opposite ferroelectric polarizations.

Moreover, the observed nonreciprocal magnetoresistance can be
effectively modulated by varying carrier density, which allows us to
electrically control the nonreciprocal transport by means of electro-
static doping. The dual gate is controlled to scan along the £, =0 trace
in the dual gate AR,, mapping, so to maintain the ferroelectric polar-
ization undisturbed while changing the doping. Figure 3¢ shows that
the nonreciprocal coefficient y of P1 and PV states. The nonreciprocal
response under both polarizations can be effectively tuned by doping.
Under light hole doping region, signals under both ferroelectric

polarizations are enhanced while maintaining opposite sign relation.
Under both high electron and hole doping, signal rapidly decreases to
nearly zero. Our calculation results further confirm this large doping
dependence, which is discussed in detail in the next section.

Theory of nonreciprocal magnetoresistance in WTe,

The nonlinear conductivity tensor (x,,.q) Of the nonreciprocal mag-
netotransport is defined by (repeated Cartesian indices are summed
over):

Ja=XaveabvEcHg 7)

where j, is nonlinear current density along a; E,, E. and H, are elec-
trical field along b, electrical field along ¢, and magnetic field along d,
respectively.

Under the constraint of C; symmetry, which applies to few-layer
WTe,, the tensor elements y,,,, and x,,,, are allowed for the planar
transport setup, while components ¥, and x,,,, are forbidden by
symmetry. In our experiment, the driving current is applied along the x
direction (a-axis), so only ¥,y is relevant.

For this nonreciprocal transport coefficient x,,,, the leading
order contribution is proportional to 72 (7 is the relaxation time). It is
often called the Drude-like contribution, because it originates from the
out-of-equilibrium distribution that is second order in the driving field
6f o« T2E2. Note that the nonreciprocal current from this §f must
vanish under time reversal symmetry, so the planar H field is necessary:
its role is to break time reversal symmetry, by effectively magnetizing
the system via coupling to spin and orbital magnetic moments of
electrons. Indeed, our experimental data of x,,,, exhibits a linear
scaling with 02, (o t2) (Fig. 4a), which confirms this physical picture.

Nature Communications | (2025)16:11298


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-66464-7

This Drude-like nonreciprocal coefficient can be evaluated from
Eq. 8*:

Xovea=T"Y / [dk]f[(050,-4 ) U¢ — (8.055)-4 7] ®)
n

Here, n is the band index, f, is the equilibrium Fermi distribution,
04 =0y, U =0.&,, My is magnetic moment of a Bloch state, which
includes both the spin and the orbital contributions (see “Methods”).
Based on this formula, we perform first-principles calculations to
evaluate x,y, for few-layer WTe,. In our calculations, the value of T as a
function of temperature T is extracted from the experimental data of
o,, combined with an estimation of Drude weight (see Supplementary
Information S4 for temperature dependence of g,,), and there is no
fitting parameter involved.

Figure 4a shows the scaling plot of nonlinear conductivity Xy,
extracted from experiment data according to

— OXXAE)Z(;) (9)
XXXy E)z(xH
and plotted as a function of ¢2,. The solid lines are the theoretical
results. As mentioned, the experimental data exhibits a nice linear
relationship, consistent with the y o« 12 scaling from the nonreciprocal
Drude-like mechanism. The theoretical results also show excellent
agreement with experiment: it gives the correct sign, trend, and order
of magnitude, compared to experimental data. The small deviation at
low conduction end could be caused by the shift of the Fermi level at
high temperatures>***,

The large doping dependence in our experiment also finds
excellent agreement with calculation results, which provide further
insights into the origin of the observed large nonreciprocal transport.
For the tetralayer WTe,, the two opposite ferroelectric states are
related by a glide mirror operation MZ. As a result, tensor elements,
such as Xy, and x,,,, reverse sign between the two ferroelectric
states. Therefore, in the following, we focus only on the tensor ele-
ments for the upward-polarized ferroelectric state, and the experiment
results are antisymmetrized as:

_ (Xxxxy. Pt _Xxxxy, PL)

AX xxxy ~ 2 (10)

Figure 4b shows the experimental result of Ay,,,,, in which the
enhancement of nonlinear conductivity is observed near the intrinsic
Fermi level and reaches maximum in the light electron doping level.
Figure 4c shows the calculated doping dependence of the nonlinear
conductivity, also showing a pronounced enhancement near intrinsic
Fermi level. The agreement with the experimental results is remark-
able, both in trend and in the magnitude, offering a strong support for
our theoretical interpretation.

More importantly, theoretical analysis reveals a significant geo-
metric contribution in the nonreciprocal Drude mechanism. As we
mentioned above, the coupling of in-plane H field to electrons is via
both the spin (M%) and the orbital (M°) magnetic moments, i.e.,
M= M5+ MO, While the spin moment is bounded and usually has less
variations in magnitude, the orbital moment strongly depends on band
structure and is greatly enhanced at band near degeneracies. This
enhancement is a manifestation of interband coherence, similar to
other band geometric quantities like Berry curvature and Berry con-
nection polarizability. As a semimetal, the conduction and valence
bands of WTe, overlaps around the Fermi energy, making a good
opportunity for enhanced orbital moment M° and hence for pro-
moting the nonreciprocal transport. In Fig. 4c, we separate the con-
tributions from spin and orbital magnetic moments. Indeed, we
observe that the orbital part is the dominant source of this

enhancement. In Fig. 4d, we plot the band structure of tetralayer WTe,,
along with the value of orbital magnetic moment M;’ in Fig. 4e. It
confirms the significant enhancement of orbital magnetic moment
around band near degeneracies near the Fermi level. Drude-like
mechanisms are usually considered as trivial compared to other
mechanisms involving quantum geometric properties of band struc-
tures. Our findings here offer an exception to this common wisdom,
demonstrating that in nonreciprocal magneto-transport, the Drude-
like mechanism may also encode geometric information of band
structures.

Different from even-layer WTe,, the sliding geometry that relates
the two ferroelectric states in odd-layer WTe, is an inversion operation
I. To investigate the effect of layer number on the nonreciprocal
magnetoresistance of WTe,, we compared the nonreciprocal coeffi-
cient y of trilayer, tetralayer and pentalayer WTe;,, as shown in Fig. 4f.
In all devices, the nonreciprocal magnetoresistance shows opposite
sign, indicating that the electrical switching of nonreciprocal transport
is independent of layer number. However, as layer number increases
from trilayer to pentalayer, the signal magnitude shows a monotonic
decrease, which can be ascribed to the stronger Coulomb screening
effect in thicker samples with higher carrier density and

conductivity***’,

Discussion
Nonvolatile electrical control has been pursued widely as a highly
important tuning knob for various device physics®**®*°, In this study,
we have achieved nonvolatile electrical switching of nonreciprocal
transport in few-layer ferroelectric polar metal WTe,_ The direction of
nonreciprocity can be deterministically switched by ferroelectric field
and its magnitude can be broadly tuned with electrostatic doping. Our
study establishes a key tuning knob to further advance the emerging
research of nonreciprocal physics and their device applications.
Using first-principles calculations, we show that the main con-
tribution of the observed nonreciprocal transport is the Drude-like
term enhanced by the giant orbital magnetic moment near the intrinsic
Fermi level. We reveal that such Drude-like mechanism also encodes
band geometric information, which is significantly enhanced by
interband coherence. This is contrary to the common wisdom that
Drude-like mechanism is always “trivial”, in the sense that it does not
manifest interband coherence like other mechanisms involving Berry
curvature or Berry connection polarizability.

Methods

Device fabrication

All crystals were purchased from HQGraphene and used as received.
First, hBN and graphite flakes were mechanically exfoliated on 285 nm
SiO,/Si substrates and examined by optical microscope to select the
flakes with optimal thickness (graphite: 5-8 nm, hBN: 15-30 nm) and
clean surface. A polycarbonate/polydimethylsiloxane stamp-assisted
dry transfer technique was used to pick up the flakes and fabricate an
hBN/graphite stack. Standard electron beam lithography is used to
write electrode patterns on the stack, followed by e-beam deposition
of 5/25 nm Ti/Au to finish bottom gate fabrication.

Few-layer WTe, flakes were mechanically exfoliated on SiO,/Si
substrates inside a N, glovebox with O, < 0.2 ppm and H,0 < 0.1 ppm.
Graphite/hBN/WTe, stacks were assembled and released onto the
bottom hBN/graphite stacks with the same dry transfer method in the
same N, glovebox where WTe, flakes were exfoliated to finish the final
devices. The assembly of Graphite/hBN/WTe, stacks were done
immediately after exfoliation of WTe,.

The WTe, flakes with specific layer number and crystal orientation
were first selected based on their optical contrast and long, straight
edges, respectively. The thickness of hBN layer is characterized later by
atomic force microscopy (AFM) while the layer number and crystal-
lography information of WTe, is confirmed by STEM after the
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transport measurements (see Supplementary Information S1 for AFM
and STEM characterization results).

Electrical transport measurements

Electrical measurements were performed in the Oxford Teslatron
cryostat with a base temperature of 2 K and a magnetic fieldup to 7 T.
A Keithley 6430 source meter and a Keithley 2401 source meter were
used to provide DC gate voltage to top and bottom gates, respectively.
First and second harmonic signals are collected simultaneously using
standard lock-in technique with two SR830 lock-in amplifiers under
frequency 13.317 Hz. The phases of first (second) harmonic signal were
close to 0° (+90°), consistent with expectations.

Theoretical calculations

To evaluate the nonlinear response of WTe,, we performed first-
principles calculations based on density functional theory using the
projector augmented wave method*°, as implemented in the Vienna ab
initio simulation package™*>. The Perdew-Burke-Ernzerhof exchange-
correlation functional was employed®, and calculations using the
optB88-vdW functional were also performed to account for van der
Waals interactions®*. A plane-wave energy cutoff of 400 eV was used.
The Brillouin zone was sampled using a I'-centered 12 x 6 x 1 k-point
mesh. Spin-orbit coupling was included in all calculations. Based on the
obtained band structure, we constructed a Wannier tight-binding
model for WTe, using the Wannier90 package® ™. The nonlinear
conductivity tensor elements were then computed from the tight-
binding model. To ensure numerical convergence, a dense k-mesh of
4000 x 2000 x 1 was used in the Brillouin zone integration.

To separate the contribution of the spin and orbital magnetic
moments in the Drude-like nonreciprocal coefficient, we calculated
the spin and orbital magnetic moments using the following formula:

For spin magnetic moment:

an = _gﬂBsm“ (11)
For orbital magnetic moment:
1 1 1
mn _ ml In
M 4i Z (s,—sm +£,—£,,>v v 12)

l#m,n

s™n (y™) are the matrix elements of spin (velocity) operator, yj is
Bohr magneton, and g is the g factor.

Data availability

Supplementary Information is available for this paper. The data that
support the plots within this paper are available at the Repository
DR-NTU (DATA): https://researchdata.ntu.edu.sg/dataset.xhtml?
persistentld=doi:10.21979/N9/KQC7B7.
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