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We propose a device in which a sheet of graphene is coupled to a Weyl semimetal, allowing for
the physical access to the study of tunneling from two-dimensional to three dimensional massless
Dirac fermions. Due to the reconstructed band structure, we find that this device acts as a robust
valley filter for electrons in the graphene sheet. We show that, by appropriate alignment, the Weyl
semimetal draws away current in one of the two graphene valleys while allowing current in the other
to pass unimpeded. In contrast to other proposed valley filters, the mechanism of our proposed
device occurs in the bulk of the graphene sheet, obviating the need for carefully shaped edges or
dimensions.

Weyl semimetals (WSMs) [1–5] are three-dimensional
materials with an even number of isolated band touching
points in the Brillouin zone (BZ) called Weyl nodes. The
band dispersion near each Weyl node is that of a massless
Weyl fermion, which is chiral, the chirality being encoded
in the Berry flux pierced by a surface in momentum space
enclosing the Weyl node. Either inversion [1] or time-
reveral symmetry [2–5] or both must be broken in WSMs.
Many examples of WSM materials are now known [6–
8, 10–14].

In monolayer graphene [15] electrons near charge neu-
trality belong to one of the two Dirac points (K and
K′, related to each other by inversion and time-reversal)
which constitute valleys. Due to the large difference in
lattice momentum, the valley degree of freedom is highly
conserved in transport. This has made it a promis-
ing material for use in valleytronics, which seeks to use
the valley degree of freedom to encode and manipu-
late information [16]. Either electrons or excitons can
be used to encode information; in the following we will
focus on electrons. A necessary first step in this val-
leytronics program in graphene is to be able to produce
valley-polarized current, usually done by valley-filtering
an incident valley-unpolarized current. There are many
theoretical proposals for doing so. Methods preserving
the time-reversal of graphene while breaking inversion
[17] include a constriction with tailored edges [18], us-
ing the “high-energy” dispersion of electrons away from
the Dirac points [19], using strain, which creates an in-
ternal gauge field acting oppositely on the two valleys
to spatially separate valley currents [20], lattice defects
[21] and spin-orbit coupling [22]. Methods that break
time-reversal include the use of magnetic and potential
barriers [23], or tunnel-coupling monolayer and bilayer
graphene with an in-plane magnetic field to tune mo-
mentum [24]. Yet other proposals include using adia-
batic pumping [25] or Floquet methods [26, 27] to sep-
arate the valleys. Most of the proposals need precise
control of edges/strain/substrates/superlattices, and/or
depend very sensitively on the energy of the electrons to
be valley-filtered.

FIG. 1: A schematic picture for a graphene/WSM
device. The incoming current (region I) is equally

populated in the two valleys and the outgoing current
(region III) is valley polarized.

In this Letter we show that the surface of a WSM with
three-fold symmetry, breaking both time-reversal and in-
version, is a natural substrate for robust valley-filtering
current in graphene (see Fig. 1 for the proposed device).
The minimal number of Weyl nodes is six. When the
chemical potential is at the energy of the Weyl nodes,
their projections on the surface BZ (also three-fold sym-
metric) are points connected by zero energy surface Fermi
arc (FA) states (see Fig. 2(a)). Upon doping, the projec-
tion of the bulk states at fixed energy on to the surface
BZ will be solid regions enclosing the Weyl point projec-
tions (WPPs), as shown in Figs. 2(b), 2(c). We refer
to these solid regions as ”Fermi pockets.” We emphasize
that: (i) The Fermi pockets break inversion symmetry.

(ii) Each ~k in the surface BZ has a continuum of bulk
states of the WSM projected on to it. The next step is
to weakly tunnel-couple the graphene to the surface of
the WSM in their region of overlap, taking care to align
it so that the K Dirac point lies within a Fermi pocket
in the surface BZ of the WSM, up to a reciprocal lattice
vector of the surface BZ of the WSM, as shown in Fig.
2(d). We emphasize that the K′ point does not overlap
a Fermi pocket.

Consider a current injected into the graphene sheet
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FIG. 2: Evolution of the projected WSM states in the
SBZ. (a) At the nodal energy (EF = 0), only the Fermi

arcs are present in the SBZ. (b),(c) As the chemical
potential is raised, the Fermi arcs get absorbed into the

bulk states and eventually disappear in (c). (d) An
incommensurate structure of graphene and the WSM

shown in momentum space. The green vectors show the
three equivalent graphene K points. For a range of

twist angles, the low-energy states in the K valley of
graphene lie in a band of the projected bulk states of

the WSM. The graphene states near the K′ points (red
vectors) do not overlap the projected bulk states of the

WSM in energy, but instead lie in a band gap.

from the left, in region I of the device depicted in Fig.
1. Before it enters region II, where graphene and the
WSM are tunnel-coupled, the current is divided equally
between the two valleys . When it enters region II, each
electronic state in the K valley is coupled to (and lies in
the middle of) a band of bulk states in the WSM. We
assume, plausibly, that the Fermi velocity of graphene is
much higher than that of the WSM, implying that all
states near the chemical potential µ of the graphene will
lie in the middle of the bulk band of the WSM. Each
state in the graphene K valley will therefore hybridize
with them and broaden, resulting in a decay of the cur-
rent in the K valley into the bulk of the WSM, which is
assumed to be grounded. By contrast, although the K′

valley band structure is modified by tunnel-coupling to
the WSM, there are no bulk or surface states of the WSM
at the same energy, so that the current in this valley will
suffer at most a finite diminution due to reflections at the

various interfaces of the structure. Note that the greater
the length of the tunnel-coupled region, the greater the
degree of valley polarization of the outgoing current.

A few remarks are in order about the generality and
robustness of our proposal. (i) Without additional sym-
metries, there is no reason for the chemical potential in
the WSM to lie at the Weyl point energy. Thus, gener-
ically, the WSM will have Fermi pockets at the surface,
as has been experimentally observed [6, 7, 13]. (ii) This
implies that the alignment of graphene on the WSM sur-
face can be varied over a range of angles while main-
taining the condition that K sits within a Fermi pocket,
while K′ does not (see [32] for details). Thus, fine-tuning
the alignment of graphene on the WSM surface is not
necessary. (iii) Scanning the chemical potential can be
achieved by doping the WSM and/or gating graphene.
Our proposal will work over a wide range of electron en-
ergies near charge neutrality in graphene. (iv) The details
of the tunneling matrix elements between graphene and
the surface of the WSM are irrelevant: what matters is
that each ~k state within the K valley is coupled to the
WSM continuum. (v) Smooth disorder in the WSM or
graphene will scatter single-particle states close in mo-
menta. Since K and K′ are far apart, the valley-filtering
will be robust against smooth disorder. (vi) The valley
polarization can be detected by using the valley Hall ef-
fect [28], by, for example, applying a strain that generates
a field acting in opposite directions in the two valleys [20].

Having established the generality and wide applicabil-
ity of our proposal, in the remainder of this Letter we
analyze a specific model of such a device, illustrating the
physical behaviors described above. In order to treat ar-
bitrary tunnel coupling strengths via tight-binding, we
construct a simple model of the three-fold symmetric
WSM, and assume that its surface is commensurate with
that of graphene. We treat only the simplest and most
symmetric case in the main text, leaving the general case
to the supplemental material [32]. We emphasize that
our proposal for valley-filtering does not depend on the
commensuration we assume for our concrete model.
WSM model.– Our starting point is a minimal two-

band model for a Weyl semimetal on a triangular lattice
which breaks both time reversal and inversion symmetry,
but possesses three-fold rotational symmetry. In momen-
tum space, the Hamiltonian is given by

H(~k, kz) =
∑

µ=x,y,z

fµσµ, (1)

where fx = 2t

[
1− cos(kz) + µ1 −

3∑
i=1

cos(~k.~ai)

]
, fy =

2t

[
3∑
i=1

sin(~k.~ai)− µ2

]
and fz = 2t

′
sin(kz). Note that

~k here is a two dimensional vector and σµ are the usual

Pauli spin matrices, and t and t
′

represent the in-plane
and out-of-plane hoppings, respectively. The three ~ai
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vectors are the nearest-neigbor vectors on the triangu-

lar lattice, ~a1 = ax̂ and ~a2,3 = a(−12 x̂ ±
√
3
2 ŷ). The

3-fold rotational symmetry of H is manifested in its en-
ergy spectrum. The band structure possesses three pairs
of Weyl nodes related to one another by 3-fold rota-
tions. These are found at kz = 0, with ~k satisfying

µ1 −
3∑
i=1

cos(~k.~ai) = 0 and
3∑
i=1

sin(~k.~ai) − µ2 = 0. The

positions of the Weyl nodes can be moved by varying µ1

and µ2. We assume that the free surface of the WSM is in
the xy plane, which has three-fold symmetry. The Weyl
point projections (WPPs) on to the surface Brillouin zone
(SBZ) are connected by Fermi arcs. By standard meth-
ods [29] we find the energy dispersion for the Fermi arc
states to be

E = 2

[
3∑
i=1

sin(~k.~ai)− µ2

]
(2)

Graphene commensurate with the surface of the
WSM.– We adopt a model in which the graphene lattice
is commensurate with that of the surface of the WSM,
and that the WSM lattice constant is smaller than that
of graphene. While these assumptions are unrealistic for
real materials, they allow us to use the full power of
translation invariance to do nonperturbative calculations
in the tunnel-couplings without fundamentally changing
the character of the system. Calculations for incommen-
surate lattices are necessarily either perturbative in the
tunnel-couplings, or dependent on truncations in momen-
tum space [30, 31], both of which we wish to avoid.

A schematic picture of our commensurate model is
shown in Fig. 3. In order to study the electronic prop-

FIG. 3: Graphene and the top surface of our WSM
model in a commensurate alignment which we use in
our numerical tight binding calculation. Electrons on

the A sublattice of graphene (empty circles) are allowed
to hop only to the WSM surface site they overlie, while
electrons on the B sublattice (solid black) of graphene

can hop to the three WSM surface sites surrounding the
given B site.

erties of this system, we take a finite slab of the WSM
in Eq. (1) along the z axis and assume the system to be
translationally invariant in the xy plane. Going to real
space in the z direction in Eq. (1), we obtain the WSM
slab Hamiltonian

HWSM =

N∑
n=0

∑
~k

[C†n(~k)M(~k)Cn(~k)− C†n+1(~k)TCn(~k)

− C†n(~k)T †Cn+1(~k)],

(3)

where Cn(~k) is a two-component annihilation operator
indexed by layer n and

M(~k) = 2[(1 + µ1 −
∑
i

cos
(
~k.~ai

)
)σx

+ (
∑
i

sin
(
~k.~ai

)
− µ2)σz].

Spin has been suppressed for notational convenience.
Note that T = σx + it

′
σy, N is the thickness of the slab,

and that we have set the hopping in the plane our energy
unit, t = 1. The total Hamiltonian is

H = HWSM +HG +Ht, (4)

where HG is the nearest neighbor hopping Hamiltonian
of graphene. Ht allows electrons in graphene to tunnel to
the top layer of the WSM in a translation-invariant way.

Ht =
∑
~R

∑
~r

[
C†0(~r)Vα(|~r − ~R|)fα(~R) + h.c

]
, (5)

where C0(~r) is the two-component annihilation operator

on the top n = 0 layer of the WSM at site ~r, and fα(~R)
is an annihilation operator on the sublattice α = A,B
at site ~R in graphene.

To ensure our requirement that the neighborhood
of the K point of graphene lies within a bulk band of
energies of the WSM we assume that the K point of
graphene lies on a Fermi arc. From Eq. (2), this is
achieved when µ2 = −

√
3/2. The K′ point will then

reside in the gap of the WSM. We then diagonalize Eq.
(4) for this value of µ2 to get the band structure of
the system. We restrict ourselves to nearest-neighbor
hopping only in Ht. This operationally means that
electrons on the A sublattice of graphene hop only to
the WSM surface site at the same xy coordinates with
a spin-independent amplitude κ, while electrons on the
B sublattice of graphene can hop to the three sites of
the WSM surface surrounding it with spin-independent
amplitude κ′. As we show in the supplemental material
[32], moving the Fermi arcs or making the hopping more
generic does not make any qualitative difference to our
results.
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FIG. 4: Results of the tight binding calculation. (a),(b)
The graphene/WSM spectrum is shown near the K and

the K′ valleys, respectively. The Dirac cone in the K
valley (shown in black) is immersed in the bulk states of

the WSM while the Dirac cone near the K′ valley is
slightly perturbed. (c) An expanded view zooming in on
the K′ valley shows an inverted band structure where

the colors code the average of Sz operator with red
being spin up and blue spin down. (d) The conductance

of the graphene/WSM device based on a simplified
model for the states near the K′ valley is shown in units

of e2/h. The conductance shows partial spin
polarization as red denotes spin up states where blue

denotes spin down states.

Our tight-binding calculations presented in Fig.
4(a),(b) are consistent with expectations from the generic
incommensurate case discussed earlier. We see that the
Dirac cone for the K valley is immersed in the contin-
uum of the bulk states while the K′ valley is isolated
in the gap. A close examination of Fig. 4(b) reveals
induced spin-orbit (SO) coupling, time-reversal break-
ing, and sublattice symmetry breaking in the states of
graphene’s K′ valley.

The tight-binding results show that, at the K′ valley,
the bands split into (almost purely) ↑ and ↓ bands with
a band inversion near the K′ point (Fig. 4(c)). This can
lead to interesting consequences for transport: the dif-
ferent sizes of the Fermi surfaces for the two spin species
(at the Fermi level marked black in Fig. 4(c)) will lead
to different transmission probabilities, and consequently
a (partial) spin polarization of the fully valley polarized
current.

An effective Hamiltonian for the K′ valley can be ob-
tained by integrating out the bulk states of the WSM
(see the supplemental material for details [32]). The re-
sulting effective Hamiltonian is then used to obtain the

Landauer conductance (G = e2

h T , where T is the trans-
mission probability [32]) of the device, shown in Fig. 4
for the two spin channels. We have assumed that there
is translation invariance in the y-direction, perpendicular
to the current flow. Given our assumptions, the conduc-
tance is due to the K′ valley only. The coupling to the
WSM, breaking both sublattice and time-reversal sym-
metries, results in unequal conductances in the two spin
channels.
Conclusions.–We have shown that overlaying graphene

on a 3-fold symmetric surface of a WSM breaking both
time-reversal and inversion, with an alignment which
places the K point of graphene in a Fermi pocket of the
surface BZ of the WSM while the K′ point lies outside
the Fermi pockets in the first few zones of the WSM in
an extended zone scheme (see [32] for details), will lead
to a robust valley filter for graphene.

The physics leading to this may be stated concisely:
states near the K valley of graphene lie within a band
of bulk states of the WSM, projected to the surface BZ,
hybridizing with the bulk states and “dissolving” into
them. Current-carrying electrons in the K valley will
scatter into bulk states of the (grounded) WSM, carry-
ing them away from the graphene layer. States near the
K′ valley, on the other hand, lie in a bandgap of the
WSM, and will remain localized in the graphene, though
their transport will be modified by the sublattice and
time-reversal breaking induced by the WSM. Thus, for
a sufficiently long interface (along the current direction),
only the current in the K′ valley survives. This current
is expected to have a nonzero spin polarization, whose
precise value depends on the details of the interface cou-
pling. The valley polarization can be detected using the
valley Hall effect [28] and strain [20].

Our proposal does not require precise alignment be-
tween graphene and the surface of the WSM, precise con-
trol of the tunneling at the interface or the chemical po-
tential of the current-carrying electrons. Smooth disor-
der will not degrade the valley-filtering. Upon doping the
WSM appropriately, our proposal will work for Bernal-
stacked/twisted bilayer graphene [15] and transition-
metal-dichalcogenides [37] as well.

Diverse applications in addition to valley-filtering can
also be considered. With small changes, the WSM could
be used as a contact that is electrically connected only to
one valley, which could be used to probe equilibrium cor-
related states in the quantum Hall regime of graphene.
It would also be interesting to ask how the correlated
states in magic-angle twisted bilayer graphene [38] re-
spond when the states near one valley dissolve into the
WSM bulk. We hope to address these and other ques-
tions in the near future.
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