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Abstract

Despite many reports of valley-related phenomena in graphene and its multilayers, current
transport experiments cannot probe valley phenomena without the application of external
fields. Here we propose a gate-defined valley splitter as a direct transport probe for
valley phenomenon in graphene multilayers. First, we show how the device works, its
magnetotransport response, and its robustness against fabrication errors. Secondly, we
present two applications for valley splitters: (i) resonant tunnelling of quantum dots probed
by a valley splitter shows the valley polarization of dot levels; (ii) a combination of two
valley splitters resolves the nature of order parameters in mesoscopic samples.

1 Introduction

The recent advances in the fabrication of graphene multilayer devices, particularly boron
nitride encapsulation [1, 2] and the use of graphite back gates [3–5], improved the mobility
and suppressed intervalley scattering of bulk samples. Due to valley conservation in this new
generation of clean bulk graphene samples, many experimental works observed valley order
arising from spontaneous SU(4) spin-valley symmetry breaking [6–11]. In addition, the out-
of-plane displacement field opens a gap in graphene multilayers [12–15], and therefore allows
to fabricate gate-defined nanodevices [4, 16–18]. The smooth potential of electrostatically-
defined devices avoids intervalley scattering caused by reflection at atomically-sharp edges.
As a consequence, valley-dependent phenomena were also observed in nanostructures,
such as the injection of valley-polarized states in quantum point contacts [17,19–22], and
valley-polarized in states quantum dots [4, 5] with long lifetimes [23,24].

The recent experiments on correlated graphene multilayer devices observe various phases
that suggest the presence of valley structure, such as nematic superconductivity [9], isospin
ferromagnetism [10], and correlated insulators [11]. However, current transport experiments
cannot resolve the valley structure of the order parameter. For example, quantum oscillation
experiments cannot distinguish between valley polarized and intervalley coherent (IVC)
orders. In nanodevices, experiments probing valley-related phenomena rely on breaking
valley symmetry and therefore these probes are invasive and indirect. For example, valley
polarization of states injected from quantum point contacts was probed with electron
collimation [22] and via valley-Zeeman splitting in quantum dots [25,26]. Finally, transport
signatures of valley polarization using Andreev reflection [27–30] are still limited by device
quality [31–33]. Thus, the only direct probes of valley phenomena are via microscopy
techniques [11,20,34,35].

In this manuscript, we propose the use of electrically defined valley splitters in bilayer
graphene as a magnetic field-free transport probe for valley phenomena. Although the
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ingredients of this device were previously explored both theoretically [36–39] and exper-
imentally [40–42], previous works focused on the generation of valley-polarized currents
rather than its use as an experimental probe of valley polarization. We demonstrate the use
of valley splitters in two case uses: (i) a tool for measuring valley polarization of confined
states via resonant tunnelling, and (ii) a probe of valley-dependent order parameters. We
also evaluate the robustness of the splitter’s efficiency against fabrication imperfections,
show the requirements for the alignment of splitting gates, and suggest changes in the
device layout to further relax the conditions.

2 Device

Figure 1: Tight-binding simulations of a valley splitter. (a) Band structure of the
injecting one-dimensional channel. The presence of inversion and time-reversal
symmetry results in a valley-symmetric band structure. (b) Valley expectation
value of the scattering wave functions. The injecting states are superpositions of
states at both valleys. As they arrive at the helical edge channels, each flavour
leaves through one of the collector arms. The difference between transmissions
from upper and lower leads is proportional to the valley polarization of the injected
modes. Band structure of the (c) upper and (d) lower collecting channels. The
highlighted bands are valley-helical, resulting in the splitting effect as injected
modes encounter the collecting arms.

We propose a bilayer graphene gate-defined device, depicted in Fig. 1, that splits states
according to their valley polarization. The devices consist of three one-dimensional channels
confined by gapped regions due to a non-zero displacement field D(r) as shown in Fig. 1(b).
The injection channel is confined by a region with D > 0 and injects valley-symmetric
states. The collecting arms are valley-helical channels surrounded by regions with opposite
displacement field [36,37,40]. Because of the opposite sign of the displacement field, one
arm collects states at valley K and the other arm collects states at the opposite valley
K ′. We propose the device layout from Fig. 6(c) to achieve the required displacement field
profile. The control of the four gates provides independent control of the layer imbalance
U ∝ D and the chemical potential µ.

To demonstrate the transport properties of the valley splitter, we perform numerical
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simulations using Kwant [43]. We implement the tight-binding model for bilayer graphene
described in Ref. [44]:

H =
∑

n

ψ†
n [U(rn)sign(rn · ẑ) − µ(rn) + gµBBσz]ψn +

∑
{n,m}∈Si

γie
iϕnmψ†

nψm, (1)

where ψn = (cn↑, cn↓)T , cn,σ is an annihilation operator of an electron with spin σ at the
atomic site n. The matrices σi are Pauli matrices that act on spin degrees of freedom. Here
µ(r) and U(r) are the position-dependent chemical potential and layer imbalance, g ≈ 2
is the g-factor in bilayer graphene, µB is the Bohr magneton, and B is the out-of-plane
magnetic field. Due to the magnetic field B, the hoppings between sites n and m are
corrected by a Peierls phase ϕnm. The hopping energies are set according to Ref. [44]: each
hopping energy γi corresponds to a set Si of hopping vectors between the site pairs (n,m).
The γi hoppings are schematically shown in Fig. 6(a). The electrostatic potential set by
µ(r) and U(r) has a screening length of 60 nm [45, 46]1. To reduce the computational cost
of the calculations, we rescale the in-plane lattice constant to ã = sa by a factor s = 16
and fix the hoppings accordingly to preserve the low-energy dispersion.

Figure 2: Magnetotransport simulations with a valley splitter. (a, c) Band
structure of the injecting arms at finite orbital field B which lifts the valley
degeneracy. As a consequence, the number of propagating modes per valley changes.
(c) Transmission difference between the two helical collecting arms. A finite
difference indicates the valley polarization of the injected modes. The transmission
changes in integer steps, proportionally to the net number of propagating modes
per valley.

We show the tight-binding simulation for the valley splitter device in Fig. 1. In all
simulations in this manuscript, we set the distance of 100 nm between split gates in the
injecting channel. The layer imbalance away from the one-dimensional channels is fixed at
U = ±100 meV. We confirm that the scattering wavefunctions ψ are spatially split according
to their valley polarization by showing their valley expectation value ⟨ψ|V|ψ⟩ in Fig. 1(b).
The valley operator V is defined as a sublattice-dependent Haldane coupling [32, 47, 48].

1To avoid the complexity of electrostatic simulations, we pass a gaussian filter with σ = 30 nm to
step-functions that define the electrostatic potential according to the layout shown in Fig. 6.
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The smooth electrostatic potential ensures adiabatic propagation of wavefunctions and
prevents both backscattering and valley mixing. As a result, each injected mode is perfectly
transferred to the lead with the matching valley helicity according to the dispersions shown
in Fig. 1(a, c, d).

Figure 3: Misalignment effects on the valley helical channel. (a) Example elec-
trostatic potential used in the layers. The solid lines show the potential in each
layer. The dashed line shows the average potential, which corresponds to a local
modulation of the chemical potential. (b) The band structure of the valley helical
channel at δx = 10 nm and U = 50 meV. Because of the misalignment δx and the
corresponding modulation of the chemical potential, non-helical bands approach
the Fermi energy. (c) The bandwidth of the valley helical states as a function of
misalignment δx and layer imbalance U . (d) The bandwidth of the valley helical
states as a function of δx and screening length χ with U = 50 meV. Plots (a, c, d)
use χ = 60 nm.

We now prove that the valley splitter directly probes the valley polarization of the
injected current. We define the net valley polarization of a set of modes Φi as

V =
∑

i⟨Φi|V|Φi⟩∑
i⟨Φi|Φi⟩

. (2)

Moreover, defining the transmission to arms that collect states in the valley K and K ′ as
TK and TK′ and assuming a splitter with perfect efficiency and adiabatic,

Tα =
∑

i

⟨Φi|Pα|Φi⟩ , (3)

where Pα is the projector for the valley α. Thus,

TV = TK − TK′

TK + TK′
≡ V (4)
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as long as the collecting arms are not saturated, i.e. Tα is smaller than the number of
valley-helical channels (2 for bilayer graphene). Our numerical simulations demonstrate
this result by lifting the valley degeneracy in the injecting channel with an orbital magnetic
field B. Because valley is approximately a good quantum number in the Hamiltonian
of Eq. 1, the imbalance in the number of modes per valley nα in the injector results in
TV = (nK − nK′)/(nK + nK′), as shown in Fig. 2. It is important to notice that the
equivalence between TV and V does not require valley conservation, and we explore the
generality of our result in Sec. 3.

Because one of the main fabrication challenges is the alignment between gates, we
simulate the effects of misalignments on the valley helical collecting channels in Fig. 3. In
Fig. 3(b), we observe that finite gate misalignment δx shifts bulk bands closer in energy to
the valley helical states due to a modulation of the chemical potential shown in Fig. 3(a).
This shift reduces the bandwidth of the valley helical states and reduces the energy window
for which the valley splitter is operational. To determine the regime in which the valley
splitter is operational, we define the bandwidth Egap as the energy difference between
the chemical potential and the first bulk band below the valley helical state. Whenever
Egap > 0, the valley helical states are outside the chemical potential of the system, and the
valley splitter breaks down. Based on Fig. 3(c), we expect the valley splitter to tolerate
misalignments of 20 − 30nm, with a higher tolerance for smaller displacement fields. In
addition, the tolerance to misalignments is sensitive to screening length χ, and it increases
with increasing screening length as shown in Fig. 3(d). To increase the tolerance against
gate misalignment, we suggest additional gates to control the charge density in the helical
channels to compensate for the local modulation of the chemical potential. We also confirm
through numerical simulations that the valley splitter is insensitive to the angle between
its arms [49].

3 Applications

3.1 Resonant tunneling

An immediate application of a valley splitter is to probe the valley polarization of quantum
dot levels. We illustrate the operation of the device with numerical simulations of resonant
tunnelling through a quantum dot connected to a valley splitter as shown in Fig. 4 (a). To
define the quantum dot, we add two additional layer imbalance tdot regions that provide
confinement and also control the tunnelling rate. A valley degenerate lead with dispersion
shown Fig. 4 (b) injects electrons into the quantum dot which in turn couples to the valley
splitter. As tdot increases, we observe transmission peaks due to resonant tunnelling as a
function of the dot chemical potential µdot (Fig. 4 (c)). Finally, we compare the spectrum
of an isolated quantum dot shown in Fig. 4 (d) with TV in Fig. 4 (e). We observe that we
not only measure the energy of the dot levels but also their valley polarization. The small
mismatch between the transport experiment and the energy levels of a dot is due to the
weak coupling between the dot levels and the leads.

3.2 Probing valley-dependent order parameter

We propose the setup shown in Fig. 5 (c) to directly probe the valley-dependent order.
The setup consists of a cavity with valley order and two valley splitters: one injects valley-
polarized current, and the other probes the valley polarization. As polarized electrons
travel through the cavity, their valley isospin rotates according to the order parameter. The
current collected by the collector valley splitter directly relates to the rotation electrons
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Figure 4: Resonant tunnelling through a valley-polarized quantum dot. (a) Device
schematics showing the electrostatic potential of a quantum dot connected to the
valley splitter. (b) Low-energy dispersion of the injecting channel at one of the
valleys. (c) Total transmission as a function of the tunnel gates tdot and chemical
potential µdot. Resonant tunneling appears at > 20 meV tunnel gate values. The
vertical white line indicates the value chosen to generate panel (e). (d) The energy
levels of an isolated quantum dot as a function of an out-of-plane magnetic field.
The colour indicates the valley-polarisation of the states. (e) TV as a function of
an out-of-plane magnetic field and chemical potential µdot.

undergo in the cavity. As an example, we demonstrate its use by probing a mesoscopic
cavity with IVC order parameter ∆IVC.

Intervalley coherence order couples the two valley degrees of freedom. We induce IVC
with a Kekulé onsite modulation to the cavity [11,50]:

HIVC = ∆IVC
∑
m

∑
n∈{A2,B1}

cos (ηm · rn) (5)

where ηm = ∆K(cos(2mπ/3), sin(2mπ/3)), and ∆K is the momentum separation between
valleys. The modulation only acts on the sublattices A2 and B1, where the numbers label
the first and second layers in Fig. 6, because these sites set the low-energy manifold [44,50].
We show in Fig. 5(a) the valance band structure of a bulk region with a Kekulé modulation.
The modulation mixes valleys and results in avoided crossings in the band structure. In
Fig. 5 we show the k-space valley texture of a hole pocket in Fig. 5(a), consistent with
previous works [10,50,51].

We show the effects of the IVC cavity on the valley splitter’s transmission signal TV
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Figure 5: A cavity with IVC probed by a double valley splitter setup. (a) Band
structure of the hole bands in bulk bilayer graphene with IVC. (b) Valley texture
of the hole pocket for a Fermi energy indicated by the dashed line in panel (a).
(c) Device layout showing two valley splitters connected to a cavity with IVC.
The colours indicate the electrostatic potential in the top bilayer graphene layer.
(d) Valley splitter’s transmission signal TV as a function of the cavity’s chemical
potential and magnitude of the IVC order parameter. (e) Average of TV over the
range of µcavity shown in panel (d).

in the upper panel of Fig. 5(d). In the absence of intervalley coherence, ∆IVC = 0, the
quasiparticles collected by the splitter transmit only to the arm with the same valley
polarization as the injected state, thus TV = Vinjection. As ∆IVC increases, we observe
that TV fluctuates due to the valley-dependent dynamical phase accumulated by the
quasiparticles in the cavity. Furthermore averaging over the cavity’s chemical potential
µcavity (Fig. 5(e)) we observe a monotonic increase of transmission to the channel with
opposite valley helicity. Therefore, we conclude that TV ̸= Vinjection indicates valley mixing
in the cavity.

At zero temperature, our scheme cannot distinguish between intervalley coherence
(caused by a spontaneous symmetry breaking) and intervalley scattering (caused by short-
range disorder). Therefore, we rely on temperature dependence to distinguish between
the two. Above the critical temperature of the IVC phase, the cavity loses its valley
polarization whereas short-range scattering remains. Thus the absence of valley mixing
above the critical temperature would rule out intervalley scattering. Alternatively, it is
possible to control phase transitions electrostatically [6]. Thus, controlling the correlated
phases in the cavity also allows to verify the amount of valley mixing in different phases and
check for the presence of intervalley scattering. These two checks allow us to unambiguously
detect IVC orders.
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4 Conclusion

We proposed a gate-defined valley splitter as a transport probe of valley phenomena in
graphene multilayers. Our layout tolerates gate misalignments ≲ 30 nm, and we suggest
directions for engineering the device layout to relax the misalignment threshold even further.
Moreover, we proposed two applications of valley splitters relevant to recent experimental
progress in the field. Due to the correspondence between valley polarization and normalized
net transmission through the valley splitter arms, we show that resonant tunnelling in
gate-defined quantum dot probes directly the polarization of the dot levels. Moreover, we
show that a combination of two valley splitters – one to inject valley-polarized states and
the other to probe valley polarization – allows us to distinguish between valley-polarized
and intervalley coherent order parameters in mesoscopic cavities.
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A Proposed device layout

We propose the device layout shown in Fig. 6. The bilayer graphene sample is placed
between four graphite gates, shown inf Fig. 6 (c). The four layers of gates allow indepent
control of the layer imbalance in the three regions and the chemical potential µ in the
injecting channel.

Graphite
hBN

Figure 6: (a) Lattice structure of bilayer graphene. We indicate the bottom
and top layers by indices 1 and 2 respectively and the sublattice A (B) by filled
(empty) circles. We perform numerical simulations including all the hoppings γi

indicated in the panel. Panels (b) and (c) show a scheme of the valley splitter.
(b) Target distribution of the displacement field D. The three one-dimensional
channels constitute the valley splitter. The channel confined by two regions with
D > 0 is the injection channel. The other two arms are valley-helical, and thus
each arm only collects a single valley species. (c) Proposal of gate layout. The
setup consists of four gate layers: two at the top, and two at the bottom of the
bilayer graphene sample. This set of gates allows for independent control of the
layer imbalance U and the chemical potential µ.
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