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In Weyl semimetals the location of linear band crossings, the Weyl cones, is not bound to any
high symmetry point of the Brillouin zone, unlike the Dirac nodes in graphene. This flexibility is
advantageous for valleytronics, where information is encoded in the valleys of the band structure
when intervalley scattering is weak. However, if numerous Weyl cones coexist the encoded infor-
mation can decohere rapidly because of band mixing. Here, we investigate how the helical iso-spin
texture of Weyl cones affects valleytronics in heterojunctions of Weyl materials, and show how the
chirality of this iso-spin texture can serve to encode information.

An appealing strategy to realize solid-state computa-
tions is to take advantage of the available degrees of
freedom displayed by electrons in solids. Spintronics,
for example, is based on manipulating the spin of elec-
trons with magnetic fields to perform switches and mem-
ories [1-4]. Similarly, valleytronics relies on the several
different wavevectors of conducting electrons in a crys-
tal to process and store information [5-8]. For example,
the linear band crossings, or Dirac nodes, in graphene
can serve as internal degrees of freedom that can be
manipulated using light, strain or electric gates [9-11].
Valleytronics can also be envisioned in Weyl semimet-
als, where the three-dimensional (3D) band crossings,
the Weyl nodes, can occur at any point of the Brillouin,
unlike their two-dimensional (2D) counterpart [12, 13].
The flexibility of 3D platforms can be beneficial to val-
leytronics but also detrimental, as multiple Weyl nodes
can overlap and complicate valleytronics [14].

The transmission of electrons at the junction between
two Weyl semimetals not only depends on the location
of the Weyl nodes, but also on the relative iso-spin tex-
tures of the overlapping Fermi surfaces. Indeed, a Weyl
node is not only a conical band dispersion that can be
located anywhere in the Brillouin zone, but it also carries
an helical iso-spin texture Sk = (¥k|d|Yxk) of its eigen-
states |ik) that winds on the Bloch sphere as a func-
tion of the wavevector k [15]. Since this texture can be
different between overlapping cones on either side of a
junction, it can affect the electronic transport between
two Weyl materials. This helicity-dependent transport,
where the momentum dependence of iso-spin Sy encodes
information, is at the intersection between spintronics
and valleytronics [16, 17]. In particular, the iso-spin tex-
ture has a non-vanishing flux over the Fermi surface of a
Weyl cone. A Weyl material contains an equal number of
Weyl cones with positive and negative flux [18, 19], that
are associated with two chiralities

The multiple Weyl nodes of a Weyl semimetal can be
located at various momenta in the Brillouin zone and may
have a multitude of iso-spin textures, eventually compli-
cating valleytronics and spintronics because of the many
degrees of freedom at hand. In contrast, the chirality of

Weyl cones takes only two values, and it is thus appeal-
ing to track the conservation of chirality of different Weyl
nodes across a junction as a means to encode informa-
tion. However, this poses the challenge of understanding
how chirality is transferred taking into account the pos-
sible differences in iso-spin textures across the junction.
This is the question we investigate in this work.

In the present manuscript, we compute the transport
properties of a junction between two Weyl semimetals to
show how they depend on the valley, helicity and chiral-
ity mismatch. In Sec. I we model the junction between
two Weyl semimetals and compute the transmission co-
efficient of an incoming wavepacket. We first discuss the
situation where only two Weyl nodes overlap at the junc-
tion and then the situation where many Weyl nodes over-
lap. In Sec. I we compare the amplitude of the conduc-
tance for different separations and spin textures of the
Weyl nodes. Finally, in Sec. IIT we discuss which mate-
rials and configurations are the most suitable to observe
valley- and chiral-tronics.

I. SCATTERING AT THE JUNCTION
BETWEEN WEYL MATERIALS

A. Model

The electronic excitations of a Weyl semimetal, close
to a Weyl cone, are described by the Weyl Hamiltonian

H(k) = h(k) - & — eol, (1)

where h = (vy(ky — by),vy(ky — by),v.(k. — b)) and
6 = (64,0y,0.) are Pauli matrices associated to an in-
ternal degree of freedom that we refer to as iso-spin. The
spectrum of Eq. (1) is E, (k) = —¢p + o|h(k)| which de-
scribes a Weyl cone centred at energy —eg and wavevector
b = (by, by, b,). The index 0 = £ denotes the conduction
and valence bands respectively and the linear dispersion
is characterized by the velocities v = (vz,vy,v,). The
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Weyl semimetal junction. At each side of the in-
terface (gray plane), we illustrate the bandstructures of the
two Weyl semimetals (red and blue cones) and the overlap of
their Fermi seas (red and blue circles), with the associated iso-
spin textures. An incoming wavepacket (blue arrow) is either

FIG. 1.

transmitted (red arrow) or reflected (green arrow). Trans-
mission occurs if two conditions are satisfied : (1) that the
projection of the Fermi surfaces on the (k,, ky) plane overlap,
and (2) that eigenspinors are non-orthogonal.

corresponding eigenmodes read

7 (5

where ¢ = arg(h, + ih,) and

Vi(r) =

0k = (14 o

g =a(1-0 ()

h(k ))
7 (k)|
In the following we focus on electron dynamics in the
conduction band, where ¢ = +, and drop the mention
to the index o. The orientation Sy = (1x|F|¢x) of the
eigenmodes on the Bloch sphere as a function of mo-
mentum depends on the sign and amplitude of the ve-
locities v = (v, vy,v;). The orientation of v is associ-
ated with various helical iso-spin textures at the Fermi
surface which can be characterized by their chiralities
x = sign(vzvyv,) = £1. A Weyl material can have
many Weyl points, that come in pairs of opposite chiral-
ities [18, 19]. They can be centred at various momenta
and energies, and a Weyl semimetal is said to be chiral if
there is a larger density of states of quasiparticles of one
chirality over the other. This situation occurs in crys-
tals with low enough symmetries, such as chiral crystals
where all mirrors are absent[20-27].

In the following we model the scattering of electrons
at a junction between two chiral Weyl materials. We
model each chiral Weyl semimetal by considering dif-
ferent energy shifts, €}, on cones of opposite chiralities,
x = %, but with a common amplitude for the velocities,

|vz| = |vy| = |v.| = 1 and allow v to point in arbitrary
directions. The situation with anisotropic velocities can
be recovered by rescaling momenta. We first consider the
situation where electrons only scatter between two cones,
with a single cone on either side of the interface. We then
model the situation where the scattering occurs between
multiple cones.

B. Scattering between two Weyl cones

We consider a sharp interface at z = 0 where a Weyl
node is shifted in momentum and energy from by, and €y,
for z < 0, to br and ¢yg for z > 0. This situation is il-
lustrated in Fig. 1, where blue and red cones describe the
electron gas on each side of the interface. These overlap-
ping Weyl nodes can have have different velocities v, g,
related to different helical spin textures that we depict in
Fig. 1 with arrows.

We suppose electrons scatter elastically, i.e. they con-
serve their energy F. Also, owing to the translation in-
variance of the interface, at z = 0, the components of the
wavevectors parallel to the interface k| = (k.,k,) are
conserved. This leads to the following set of equalities

k;z i =~k = (5)
|Uz L| \/ —€oL)? Uf:,L(kx —bs,0)? — U;L(ky = by,L)?,
|UZ . \/ (E — eor)? — 02 (ks — bu,r)? — 02 p(ky — by r)?

where k; ;, k., and k. are respectively the incoming,
reflected and transmitted wavevectors normal to the in-
terface. The conservation of the probability current
j. = v,976 .1 normal to the interface can be expressed as
a linear transformation of the wavefunction when cross-
ing the interface, like ¢1,(z = 0) = gy r(z = 0) where §
is a matrix and i g are respectively the components of
the wavefunction for z < 0 and z > 0 (see Appendix A 1).

In the situation where v, /v, r > 0, the conservation
of current is satisfied by the continuity of the wavefunc-
tion ¢ (z = 0) = ¥r(z = 0), so an eigenstate of energy
FE satisfies

ar (ki) ar (k) o[ or(k)

=tM . 6
(Grtiey )+ (et prli) ) @
where M = 1. The L, R subscript of a(k) and S(k)
remind us that Eqs. (3,4) should be evaluated for the

parameters on the z < 0 and the z > 0 half-space respec-
tively. We then find that

Br(ki)ar(ky) — ar(ki)Br(ke)
ar(k)Br(ks) — Br(ke)ar (k)

From this expression we compute the reflectance R =
|7|?, and the transmittance T = 1 — R. In Fig. 2(a),

(7)

T =

)
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FIG. 2. (a,b,c) Transmittance T for each in-plane wavevector (kg, ky) for the scattering between two Weyl nodes, with energy
shifts eo,r, = 0.9 and €o,r = 1.1 on the left and right side respectively. The projected Fermi surfaces are depicted with the
yellow and white dashed circles. Left columns are for cones not shifted in momentum, Ak = 0, while this shift is non-zero on
the right columns. The figures are obtained for different velocities between the left and right sides of the junction (a) vg = vy,
(b) vk = (Va,,vy,L, —vz,1.) and (¢) vk = (—vz,L, —Vy,L,vz,1). (d) Transmittance T when scattering from one to two cones, to

illustrate the overlap between situations (a) and (b).

we plot T as a function of (k;, k) for two different sep-
arations, Ak = by g — by, with b, 1/p = b,/ = 0,
between the two Weyl nodes on each side of the interface
with vy, = vg. Since electrons only scatter through the
interface when there are available states at the same en-
ergy and in-plane momenta, the transmission probability
is non-zero only where the two Fermi surfaces, depicted
by dashed lines, overlap [13]. Also, we observe that when
the two Fermi surfaces are shifted (Ak # 0) the trans-
mittance is smaller than for zero shift (Ak = 0), because
of the imperfect overlap between spinors on each side of
the interface. Indeed, as we increase Ak, the iso-spin
textures on each side of the junction progressively point
in opposite directions along the r—axis, suppressing 7.
In the situation where v, /v, g < 0, the continuity

equation (6) with M = 1 does not apply since it breaks
current conservation. In appendix A 1, it is shown that
the correct boundary condition requires to invert the z
component of the spinor across the interface. This is
related to the lack of a solution for a hyperbolic equation
governing the conservation of current, since there is no
Lorentz boost to map the two Weyl equations. In this
case, the matrix M on the right-hand side of Eq. (6) is
instead

M = cos(0)6, + sin(0) 6y, (8)

where 6 € [0, 27) is a parameter associated with the junc-
tion. In our model the parameter 6 is arbitrary and in a
realistic heterojunction it is set by the microscopic cou-
pling between the two Weyl materials.

As above we compute the reflection coefficient r, re-
flectance R = |r|? and transmittance T = 1 — R. In
Fig. 2(b), we plot T" as a function of (kg,k,) for dif-

ferent values of Ak, keeping v, = vy, = 1 across the
interface but with v, 1 = —v, r. We see that the trans-
mittance is cigar-shaped, with a principal axis in the
direction of 6. This asymmetry is a consequence of
the rotation in Eq. (8), because it not only inverts the
z-component of iso-spin but also the component along
s, = —sin(f)e, + cos(f)e,. Thus, for an in-plane mo-
mentum (kz, k,) along s, the eigenspinors on each side
of the interface overlap poorly and lead to a smaller trans-
mission even if the Fermi surfaces match, i.e. even if
Ak = 0.

In this section we have considered two situations de-
pending on whether v, changes sign or not, keeping v,
and v, the same across the interface. These two situa-
tions demonstrate the importance of the spin texture, set
by v, when electrons scatter across the junction formed
by two Weyl semimetals. In the following we discuss the
more general situation where all velocities can change di-
rection and how transmittance depends on the chiralities
of Weyl cones.

C. Role of chirality on scattering

As discussed in the introduction, a central feature of
Weyl cones in Weyl semimetals is there chirality, x =
sign(vzvyv,). The chirality of a Weyl node only takes
two values, +1 and —1. It is thus a simpler description
of the iso-spin texture of Weyl nodes compared to a con-
tinuous set of iso-spin configurations described by v. In
this respect, the two situations of the previous section
correspond to the transmission between cones with same
chiralities, when v, /v, r > 0 in Fig. 2(a), or with op-



posite chiralities, when v, 1,/v, r < 0 in Fig. 2(b).

The junction between Weyl cones with same chiral-
ities happens when vy and vy are related by a rota-
tion. This leads to the transmission function in Fig. 2(a)
when vy = vg, or to that in Fig. 2(c) when vg =
(—=Vs,1, —Vy,1,Vz,1), l.e. for a m-rotation around the
z—axis. In general, the transmission function is rotation-
invariant but its radial distribution depends on the angle
between vy, and vg. For example, in Fig. 2(c) at Ak = 0,
the transmission drops on the borders of the Fermi sur-
face because there the spinors of the two Weyl cones point
in opposite directions.

The junction between Weyl cones with opposite chi-
ralities happens when vy and vy are related by com-
bining an inversion with a rotation. This leads to a
cigar-shaped transmission function, similar to Fig. 2(b),
with an angle 6 that depends on the relative orienta-
tion between vy and vg. In general, the transmission
function breaks rotation symmetry in the (kg, k,) plane,
even for Ak = 0. This absence of rotation symmetry is
related to the mismatch of the iso-spin textures on either
side of the interface along a single axis, in the direction
s = —sin(f)e, + cos(f)e,.

Through this discussion, we find that there is a qual-
itative difference between the transmission of electrons
between Weyl cones with the same or opposite chiralities.
On one hand, if chiralities are the same then T'(k;, ky) is
rotational invariant and only its radial distribution can
change. On the other hand, if chiralities are opposite
then T'(k, k,) breaks rotational invariance and its radial
distribution is always the same, up to a rotation in the
(kz, ky) plane.

D. Scattering between multiple Weyl cones

The previous model concerns the scattering between
only two Weyl cones. Since Weyl materials usually host
many Weyl cones, the previous discussions can break
down once multiple Weyl nodes contribute to scatter-
ing. The transmission depends on helicity and may not
split evenly between each scattering channel. In this sec-
tion we consider an heterojunction where the electron gas
scatters from a single Weyl node, at z < 0, to two Weyl
nodes, at z > 0.

We model this interface assuming that the in-plane mo-
mentum and the energy are conserved, and apply the con-
servation relations in Eq. (5) independently for each Weyl
cone. The conservation of the probability current is dis-
cussed in Appendix A 2 and it involves a free parameter,
mis = T1/Ts, related to the relative contribution of the
two Weyl nodes at z > 0 to scattering. Like the parame-
ter 0 in Eq. (8), m12 depends on the precise description
of the interface, such as the orbitals involved and their
overlap. In the following we assume that mio = 1, cor-
responding to an equal transmission towards any of the
two cones at z > 0. The reflectance and transmittance of
the incoming wavepacket are obtained by solving linear
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FIG. 3. Behaviour of the conductance across a junction of
two Weyl material as a function of the shift Ak = by r — ba,L
between the band structures along the x—axis, with b, r,r =
b...;r = 0. The different curves are for each relative iso-
spin textures in Fig. 2(a-c), that we label with their velocities
v, r. In black, we show the transport at a junction between
two non-relativistic bandstructures (3DEG), with Hamilto-
nian Hyr = B2 (k — Ak)?/(2m).

equations similar to Eq. (6). The general expression for
the transmittance is provided in Appendix A 2.

We observe that the transmittance for scattering from
one Weyl node at z < 0 to two Weyl nodes at z > 0
is not the average transmittance for scattering to each
Weyl node individually. For example, in Fig. 2(d) we
show the transmittance for vg) = vz and vg)
(Ve,L,Vy,I, —Vs,1), which is similar to the superposition
of cases reported in Fig. 2(a) and (b). Thus, our ob-
servation in Sec. I C, that the qualitative behaviour of
transmittance between two cones with same and oppo-
site chiralities are different, is not satisfied when scat-
tering between multiple Weyl cones. The scattering be-
tween multiple Weyl cones does not conserve chirality
and strongly depends on the interface-dependent param-
eter mqo, so this configuration should be avoided when
using chirality as a mean to carry information.

II. CONDUCTANCE

The electric current I through the junction between
two Weyl materials can be computed within the Lan-
dauer Biittiker formalism as

1= 4B Y T k) GLlE) - fa(B) . ()

ke ky

where T'(E, ky, k) is one of the transmittances depicted
in Fig. 2. The function f,(F) is the Fermi-Dirac distri-
bution in lead o = L, R, with chemical potential . At
zero temperature T' = 0 and for a small bias voltage V at
the junction (ur, = pr+eV), the differential conductance



reads

_ oI eW? [ dkydk,
G:W_ h // (2m)2 T(E = 0,ke, ky), (10)

and depends only on the transmittance at the Fermi sur-
face. The area of the junction is W? and it is assumed
that W is larger than the Fermi wavelength so that the
discrete sum over (ky,k,), defined in integer multiples
of 2w /W, can be replaced by an integral. The range of
integration is set by the region where the Fermi surfaces
on each side overlap (see Fig. 2), i.e. where k, in Eq. 5
is real.

In Fig. 3 we show the conductance of our model as a
function of the Weyl node shift Ak across the interface.
The conductance is given in units of
o= 8

h (27Th’UF)2 ’ (11)

which is the conductance of a single Weyl node at chemi-
cal potential pg, without the interface. The chemical po-
tential pg is our reference for chemical potentials, which
we define to be the geometric average of all energy shifts
€g across the interface. The scattering between cones van-
ishes when they are too far apart in momentum space.
This property was discussed in Ref. [13] as a way to
transmit current between overlapping Weyl cones, in-
dependently of their iso-spin texture, and it illustrates
valleytronics in Weyl semimetals.

Also in Fig. 3, we compare the different configurations
whose single-channel transmittances were illustrated in
Figs. 2(a-c), and show that the relative iso-spin textures
strongly affect transport. The conductance between two
Weyl semimetals appears to be always smaller than the
conductance between two non-relativistic metals with
the same carrier densities, as a consequence of the non-
colinear iso-spin textures.

In Fig. 4(a) we show the conductance of our model for
Ak = 0, when Weyl cones exactly overlap in momentum
space, as a function of the phase shift d¢ between mo-
mentum and the iso-spin texture in the xy plane. This
phase shift is introduced in Eq. (4) by replacing the phase
¢ = arg(hy + th,) with

¢ — ¢+ 09. (12)

The transmission between cones with opposite chirali-
ties (in red) does not depend on the phase-shift d¢ while
it does for scattering between cones with same chirali-
ties (in blue). This can be intuitively understood from
Fig. 4(b) that shows the change in the helical spin tex-
ture on the projected Fermi sea as a function of §¢. For
an interface between cones of the same chirality the rel-
ative in-plane iso-spin texture can either point inward or
outward as a consequence of this phase-shift, leading to
important changes in the iso-spin overlap like illustrated
in Fig. 2(a,c). The transmittance between Weyl nodes
with same chirality is minimal for §¢ = 7, when the in-
plane iso-spin textures point in opposite directions on ei-
ther side of the interface. For an interface between cones

Yoy
Qo
N—

— same chiralities
— opposite chiralities

FIG. 4. (a) Conductance across a junction between two Weyl
materials, with Ak = 0, as a function of the phase shift d¢
between the direction of momentum and iso-spin in the xy
plane. The conductance between cones with same chirality
strongly depends on their relative angle. (b) We illustrate
the change in the iso-spin texture as a function of the phase
shift ¢ of the Weyl material at z > 0 and for two opposite
chiralities (x = +1). The horizontal axis is the same in (a)
and (b).

of opposite chiralities the relative in-plane iso-spin tex-
ture always points outward in one direction while inward
in the other. In this case, the overall overlap between
helical iso-spin textures does not change, i.e. Fig. 2(b)
is solely rotated, and the conductance is independent on
0.

This way, the relative contribution of transport be-
tween cones that change or conserve chirality fluctuates.
In particular, one can manipulate the phase-shift §¢ ge-
ometrically for anisotropic iso-spin textures, i.e. when
there are different signs between two of the components
of vi or vg.

III. TRANSPORT OF CHIRALITY IN
MATERIALS

Our findings may apply to describe junctions of vari-
ous semimetals such as the transition metal monopnic-
tides TaAs [14, 28, 29], TaP [14, 30], NbAs [14, 31]
and NbP [14, 32], or the silver chalcogenides AgsS [33]
and AgsSe [34] which have been studied in the devel-
opment of memristive devices [35, 36]. These materi-
als show multiple Weyl nodes with rather small car-
rier densities, n ~ 107 — 10 ¢cm™3 corresponding to
kr ~ 0.1 —1nm™!, and located away from the I' point.
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FIG. 5. (a,b) Transport at the interface of (a) AgeS and AgsSe and (b) TaAs and NbP. We draw the Fermi surface of each
material with a color that indicates if the chirality is positive (blue), negative (red) or an overlap of both (green). The trivial
Fermi pockets are in orange. (¢) In a chiral Weyl semimetal, the interface between two orientations of the Weyl semimetal can
help transmit only one chirality, which corresponds to cones in red on in this figure. (d) In CoSi, the double Weyl cones (red)
are at the border of the Brillouin zone and their location strongly depends on the orientation of the interface.

For example, the bandstructure of TaAs contains 24 Weyl
nodes located at about 6k ~ 10 nm~' from the I" point.

A particularly clean band structure can be found in chi-
ral semimetals [20-27], specifically in the materials CoSi
and RhSi, in space group 198. The band structure in
this space group features a topologically protected three-
band crossing at the I' point and a doubly degenerate
Weyl crossing at the Brillouin zone corner. CoSi and
RhSi are especially favourable, as their topological band
crossings are close to the Fermi energy, with relatively
small or no trivial pockets at this energy. The node sep-
aration dk is maximum, as it is half of the Brillouin zone
(0k = m/a). The transport lifetime is shorter in RhSi
(= 13 fs) [37] than in CoSi (47 fs) [38, 39]. For the latter
the carrier density is around 2.2 x 102° cm ™! correspond-
ing to kr = 1.9 nm~! [38, 39], and the lattice constant is
a = 0.4485 nm, which results in 6k = 7 nm~!. An inter-
face between the [001] and [111] surfaces of either CoSi or
RhSi is sketched in Fig. 5(d). In the [001] direction the
threefold and double Weyl node project to the center and
corner (at (ky, k) = (7/a,m/a)) of the surface Brillouin
zone. In contrast, on the [111] surface the threefold and
double Weyl fall on top of each other at the center of the

Brillouin zone (at (ky, ky) = (7/a,7/a)). The position of
the double Weyl nodes in the (&, k) plane thus shifts by
Ak = \/ﬁw/a = 9.9 nm~! between the two orientations.

The junction between two Weyl semimetals in Sec. [
can describe the interface between two different Weyl ma-
terials or between two orientations of the same Weyl ma-
terial. We consider these two situations in the following
and also discuss the conservation of chirality at the in-
terface with a normal metal.

A. Interface between different Weyl materials

In Fig. 5 (a) and (b) we show the projection of the
Fermi surface in the [001] direction of four Weyl semimet-
als, respectively AgsS and AgsSe and, TaAs and NbP
from our ab-initio calculations (see Appendix B). We con-
sider these interfaces because of their small lattice mis-
match, that should not lead to strong lattice defects at
the junction. The Fermi surfaces are colored according
to the chirality of the underlying quasiparticles: red and
blue for Weyl cones with positive and negative chiralities,
green for the superposition of Weyl cones with opposite



chiralities and, orange for trivial pockets where chirality
is not defined.

The overlap of these Fermi surfaces shows that in
monopnictides the chirality of quasiparticles mixes at the
interface and that for silver chalcogenides only quasi-
particles with positive chirality propagate close to the
T" point. The interface between TaAs and NbP also
demonstrates that the contribution from trivial pockets
is usually non-negligible and is detrimental to well de-
fined chiral-tronics [14, 29]. Our ab-initio calculations
show that there are no contribution from trivial pockets
in AgsS and AgoSe. Thus the interface between these
two materials is a good candidate to observe transport
with a well-defined chirality of Weyl quasiparticles.

B. Interface between different material orientations

The transmission of chirality between two Weyl
semimetals depends on two geometrical aspects, related
to the location of Weyl nodes in the Brillouin zone and
to their relative iso-spin textures.

A junction can be made of a single Weyl material
but with different growth direction or magnetic field ori-
entation on either side of the junction [15]. This can
lead to the overlap of Fermi surfaces of a certain chi-
rality but not the other. We illustrate this possibil-
ity in Fig. 5(c). The transmission of a Weyl cone at
an interface of angle a between two orientations of a
Weyl material, occurs if Ak = 20ktan(a/2) < kg, i.e.
|tan(a/2)| < kpr/(26k). This critical angle depends on
the carrier density of the Weyl cone, through the Fermi
wavevector kr. Therefore, selective transmission of chi-
rality can happen in chiral Weyl semimetals since cones of
opposite chiralities may have different kr (see Fig. 5(c)).
The critical angle also depends on the distance ¢k of the
Weyl cone to the I-point. Therefore, selective trans-
mission of chirality can happen when Weyl nodes of a
given chirality are far from the center of the Brillouin
zone. For example, this should occur at the interface
between the [111] and [100] orientations of CoSi where
Ak =99nm™! > 1.9 nm™! = kp (see Fig. 5(d)).

The relative iso-spin textures of the Weyl cones also
affects the transport of chirality. For example, at the in-
terface between TaAS and NbP in Fig. 5(b) we find that
Weyl cones with opposite chiralities can overlap and lead
to the non-conservation of chirality at the junction. This
non-conservation of chirality is independent of the iso-
spin textures for overlapping Fermi seas, i.e. for Ak = 0.
On the contrary, the contribution to transport between
Weyl cones with same chiralities strongly depends on
their relative iso-spin textures. In the case of anisotropic
iso-spin textures, when velocities are not all of the same
sign, this is something that can even be tuned geomet-
rically. From Fig. 4(b), we see that the contribution to
transport that conserves chirality can be tuned from 3/2
(at 6¢ = 0) to 3/4 (at d¢ = ) the contribution from
channels that change chirality.

C. Interface between a Weyl material and a metal

The interface between a normal metal, with a
quadratic band dispersion, and a Weyl semimetal should
unavoidably appear in transport experiments where
metallic leads are used to probe the Weyl semimetals
samples. Besides the fundamental issue of understand-
ing how chirality is transmitted to a non-chiral medium,
the analysis of the metal to Weyl semimetal interface
is crucial to evaluate the contact resistance in transport
measurements [40-42].

In Appendix A 3 we model the junction of a metal with
a Weyl semi-metal, where we account for the transition
from a scalar to a spinorial wavefunction at the interface.
The current operators on either side of the interface are
also drastically different, being momentum dependent in
the metal and iso-spin dependent in the Weyl semimetal.
We show that the transmitted current does not depend
on the iso-spin texture of the Weyl semimetal, but only
on the overlap of its Fermi surface with that of the normal
metal. We thus expect that transport across the inter-
face of a metal with a Weyl semimetal is independent on
chirality. Also, for Ak = 0, the conductance of a junction
between a Weyl semimetal and a normal metal is smaller
than between two normal metals, as a consequence of
the imperfect overlap between the iso-spin texture in the
Weyl semimetal with that in the normal metal.

IV. CONCLUSION

We have discussed how and when chirality, a feature of
Weyl quasiparticles, can serve as a well-defined quantity
in transport at a junction between two Weyl semimetal.
In particular we have discussed how a junction can po-
larize the current to a single chirality and how chirality is
conserved when cones of opposite chiralities overlap. The
polarization of current to a single chirality mostly occurs
for materials with few and well separated cones [12, 13].
We show that this can occur at the junction between
the Weyl semimetals AgoS and AgsSe along their [001]
interface or at the interface between [111] and [100] orien-
tations of CoSi. In general, it is difficult to transmit only
one chirality with high efficiency because cones are too
close to each other or that there are too many of them,
a problem we illustrate with the interface between TaAs
and NbP. We show that transport between overlapping
Weyl cones then strongly depends on their respective iso-
spin textures. For Weyl nodes of opposite chiralities there
is always a non-zero contribution to transport, implying
a non-conservation of chirality. However, for Weyl nodes
with the same chiralities, the conductance strongly de-
pends on the two iso-spin textures.
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Appendix A: Boundary conditions

We derive the boundary conditions of the heterojunction from the conservation of the probability current. This
approach has been extensively used to describe the scattering of Dirac electrons with vacuum [43-46], for example in
the theoretical modelling of Fermi arcs in Weyl semimetals [46]. The minimal constraint to model the boundary with
vacuum is that the time evolution be unitary, i.e. that the average energy E = (¢)|H|¢)) of any state 1 is real. This
implies

E—E*:—iﬁvds-j(r)zo, (A1)

where 9V is the boundary of the Weyl medium with vacuum and j = (¢)|vé|y) is the probability current of a single
Weyl cone. In the case of an interface between two materials, this expression is instead

E-E'=-i Y f S, - jn(r) =0, (A2)

where the index n refers to each medium. In the main text we use n = L for the medium at 2 < 0 and n = R for the
medium at z > 0. A solution to this equation is j;, = jgr, a quadratic equation between the component v; and 1o of
the wavefunction on each side of the interface

<"/}L|UZ,L6'Z‘7/}L> = </(/)R|UZ,ROA-Z‘,¢)R> (A3)

where we suppose that the interface is normal to z. In the following we discuss the linearization of this boundary
condition, similar to the approach in [46], for the scattering from one Weyl cone to another in 1., the scattering from
one Weyl cone to N others in 2. and the scattering of a normal electron gas with a Weyl cone in 3..

1. Scattering between two Weyl cones

In the case we scatter an electron from one Weyl cone to another, we can relate the wavefunction on each side of
the interface: ¥, for z < 0 and ¥pg for z > 0, by a linear transformation

YL =g YR (A4)

This equation can be interpreted as a change in the reference frame when electrons scatter from one Weyl cone to
another. This equation and Eq. (A3) imply that the matrix § satisfies

16,6 =r6. (A5)
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where = v, r/v, 1, and a solution to this is
§=ail+as (b6, + bady) (A6)

with ay,as,b1,b2 € R, a? — a3 = r and b? + b3 = 1. We see that there are many possible solutions, determined by
surface-related parameters. The parameters (ai,as) are solutions to a hyperbola which can be associated to Lorentz
boosts in special relativity, while (b1, bs) are on the circle which is associated to rotations. Note that in this work
we suppose that the matrix § is unitary, a non-unitary transformation would imply some gain or loss of probability
density through the boundary.

This way we see that we can distinguish two regimes depending on the sign of r = v, g/v, 1

e in the situation where r > 0, i.e. when the normal component of the spin helicity does not change sign, we can
always use the solution

g1 =rl, (A7)

e in the situation where r < 0, i.e. when the normal component of the spin helicity changes sign, the previous
solution is not valid. Instead, we can use the solutions

o = bt + by, (85)
with b2 + b3 = 1. In the main text we write (b1, by) = (cos(8),sin(f)).

2. Scattering from one to many Weyl cones

In the case we scatter an electron from one Weyl cone to N others, we again relate the wavefunction on each side
of the interface: ¢y, for z < 0 and ¢; g for z > 0, where ¢ € [1, N] indexes each Weyl cone, by an ensemble of linear
transformations

Yir = iYL, (A9)
where we suppose §; are invertible. This implies that all the ¢; are related to each other by a relation of the form
Yir = Mt g, (A10)

with Mjl- = 0;0; 1= mjl-ﬁji with mj; a scalar, that represents the transmission ratio between ¢ and j channels, and
Uj; a unitary transformation. In the case the transmitted states are eigensolutions of the original Hamiltonian with
energy E, we find that

a8,

. 1+ Ee Y E—c
U = (E—eo0,5)(E—¢€o,i) (A11)

(7 (1 + asti))

where fIi, H ; are the Hamiltonians of ¢; g and ¢; g respectively. These Hamiltonians satisfy Eq. (1) with different
velocities v;, momentum shifts b; and energy shift €g ;.
We insert these relations in the current conservation equation (A3) and find the equations for g;,

N

5—z :K1+Z\mj1\2[7;1k10j1, (A12)
=2

K1 = §{6.91. (A13)

We decompose K; = E?:1 w; 6, so Eq. (A12) is linear in (wy,ws,ws), and determines a unique set of coefficients
which we substitute in Eq. (A13) to compute the solution

R e T AR e yarewwr:
= 1+ ‘
! V2

2 2
wg + wy

g (wyGz — waby) | - (A14)

In this procedure there is a freedom in the choice of the mj; coefficients in (A12) and in Fig. 2(d) we consider that
mj1 = 1 if a state can scatter to cone j and zero otherwise.
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3. Scattering from a normal electron gas to a Weyl semimetal

-15 -10 -05 00 05 10 15 -15 -10 -05 00 05 1.0 15 T

-15 -10 -05 00 05 10 15 15 -10 -05 00 05 10 15

X xr

FIG. 6. Transmittance T at the Fermi energy, as a function of in-plane momenta (ky, ky) from a non-relativistic electron gas
to another (first row) and from a non-relativistic electron gaz to a single (N = 1) Weyl node (second row). In the figures, the
positions of the Fermi surface for z < 0 and z > 0 are respectively €o,z, = 0.9 and €o,r = 1.1.

Here we consider the scattering from a non-relativistic electron gas, with Hamiltonian Hyg = (kfc—i-kg-}-kf) /2m, to a
Weyl semimetal with N Weyl nodes, described by independent wavefunctions ¢;, ¢ € [1, N]. The current conservation
now reads, instead of Eq. (A3),

N
Wi (5. -3.) ) = D veawiloslis)- (A15)

where the wavefunctions are evaluated at z = 0. We map this conservation relation to a linear transformation writing

i = (9 ) w. (AL6)

g2i

where g1; and go; are unknown coefficients that relate the scalar wavefunction in the metal ¥ to the spinor ; in
the Weyl semimetal. This expression implies a relationship between the wavefunction of each Weyl node of the
form v¢; = M1, with M;; = m;1U;1 where my; is a scalar and U;; a unitary operator defined in Eq. (A11). The
conservation of probability current then reads

N
1 /< . RN
H <8Z — 3,2) = gJ{ 2m (vz,laz + Z;vz,i|mi1|2UiTlazUi1> g1 (A17)
=APt6. P
= ((Pg)L(Par)s = (Pgn) (Pgr)-) (AL8)

where the underbraced operator is decomposed in a difference of positively defined operators by a diagonalization.
These operators are projectors on the states (Pgl)ifIE = gIPi where Py are the eigenvectors of eigenvalue +\ for the
underbraced operator. This way, projecting this equation on the basis of plane waves, we find

(Por); = (k)

(Par)- = (k)1 o, (A20)

k) (k] (A19)
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so the equation for the scattering coefficients is

g1 (\Ifl + T\I/r) = twtl (A21)
= (Pgy) - (W, +10,) = tPyyy (A22)
ORE)y/ IR/ ( (P« )
=t (A23)
0(—k)\/ 16| /2w, (Ppn)—

K] (Poon) -
K| (Prer) +

(A24)

From this expression we compute the reflectance R = |r|? and deduce the transmittance 7' = 1 — R. For example, for
the interface with a single Weyl node, P = 1 and A = vy1 in Eq. (A18), so we obtain

_ B(k> _ 1- Uzkz,t/(E - 6O,R) i
"Tak) \/ 1+ vkt /(E—cor) (A25)

where a, 3, k. and ¢ are defined in Egs. (3-5) of the main text. Also, in this situation, the operators g; and go in

the matching condition (A16) are
k.
g1 = O(k:)y 5 ) K|, (A26)

92 = 0k el pg . (A7)

Appendix B: Extraction of Weyl point parameters

We identify possible Weyl semimetal candidate materials starting from the list of compounds reported in Ref. [47].
There, all non-magnetic compounds reported in the ICSD [48] are investigated for the presence of Weyl points. As the
analyzed heterostructures have to be experimentally grown as thin films, we restrict the selection to binary compounds
because they are more likely to be grown as pure and ordered films.

We seek to determine several parameters for each Weyl point: their location in the Brillouin zone, their velocities,
their energetic position, and chirality.

For the calculations, we apply a hierarchy of methods starting with density-functional theory (DFT) calcula-
tions as implemented in the VASP package [49] using the generalized-gradient approximation [50] to describe the
exchange-correlation potential. In the next step, we construct maximally-localized Wannier functions (MLWFs) and
the corresponding tight-binding Hamiltonian with the help of the Wannier90 [51] package. As the Wannierization
process can be complex to control, we applied an automated procedure, which varies the necessary parameters until a
the Hamiltonian is accurate enough. Here, accuracy is defined by taking the energy difference between the DFT and
the Wannier tight-binding band structures expressed as E,? FT and Eﬂ/f LWFE " respectively. The comparison was done
for an energy window of 2 eV around the Fermi energy. In the last step, we use the resulting Hamiltonian to find the
location of band crossings with an implementation of the Nelder-Mead algorithm [52]. At each crossing, the Berry
curvature in its close vicinity is investigated for all cardinal directions, where the orientation, i.e. pointing inwards
or outwards, gives the chirality of the Weyl point. For each identified Weyl point all necessary parameters are then
evaluated. We also investigate the presence of trivial bands at the Fermi level.

As the exact position and the slopes of the Weyl cones are very sensitive to the numerical methods, a cross-check
is performed using another DFT code, FPLO [53]. Here, we employ the Hamiltonians from Ref. [47] to evaluate the
robustness of the calculated parameters. The full workflow is shown in Fig. 7.

(




13

Preselected input
from ICSD, only
non-magnetic, binary
Weyl semimetals

DFT calculation DFT calculation

using VASP using FPLO
Change Extract MLWF using Extract MLWF as in- Change
parameters > WANNIER90 cluded in FPLO < parameters

< |E.°-E,""F|<0.02 eV?

yes

< |E.°-E,"F|<0.01 eV?

yes

Generate the Tight- Generate the Tight-
Binding Hamiltonian Binding Hamiltonian

Compare results,
check trivial bands

¥

Calculate Weyl
point parameters

FIG. 7. Workflow for the analysis of the Weyl points. The parameters to control the MLWF generation include the orbital
projection and the inner and outer energy window for the disentanglement. The accuracy is calculated by comparing the energy
eigenvalues of DFT, EPFT and of the Wannier interpolation, EMEWF in a window of 2 eV around the Fermi level.
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