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Valley-protected one-dimensional states in small-angle twisted bilayer graphene
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Theory predicts that the application of an electric field breaks the inversion symmetry of AB and BA stacked
domains in twisted bilayer graphene, resulting in the formation of a triangular network of one-dimensional
valley-protected helical states. This two-dimensional network of one-dimensional states has been observed in
several studies, but direct experimental evidence that the electronic transport in these one-dimensional states is
valley protected is still lacking. In this paper, we report the existence of the network in small-angle twisted bilayer
graphene at room temperature. Moreover, by analyzing Fourier transforms of atomically resolved scanning
tunneling microscopy images of minimally twisted bilayer graphene, we provide convincing experimental
evidence that the electronic transport in the counterpropagating one-dimensional states is indeed valley protected.
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I. INTRODUCTION

The successful isolation and exploration of graphene [1,2]
has led to a booming new research field in condensed matter
physics. Graphene consists of a single layer of sp2 hybridized
carbon atoms, which are arranged in a honeycomb structure.
Tight binding calculations of freestanding graphene [3,4] have
revealed that the dispersion relation of the low-energy electron
bands is linear. The latter implies that the low-energy electrons
in graphene behave as massless relativistic particles and are
described by the Dirac equation, i.e., the relativistic variant of
the Schrödinger equation.

Bilayer graphene has a more complex band structure,
which depends on the stacking order of the graphene layers.
The most common and energetically most favorable stack-
ing order is the so-called AB or Bernal stacking. In the
AB stacking configuration, the atoms of one of the triangular
sublattices of the top layer (A1) are located on top of the atoms
of one of the sublattices of the bottom layer (B2). The other
atoms (B1 and A2) do not lie directly below or above an atom
of the other layer. For Bernal stacked bilayer graphene, the
low-energy bands are not linear, but quadratic [5]. The elec-
tronic spectrum of bilayer graphene can be altered even more
drastically by rotating one of the graphene layers with respect
to the other. This “twisting” of the bilayer graphene provides
an additional degree of freedom, which allows the structural
and electronic properties of the bilayer to be tailored. Twisting
bilayer graphene results in a new superstructure, which is
referred to as a moiré structure, in which domains of AA, AB,
and BA stacking exist, forming a triangular superlattice. The
moiré pattern has a periodicity of λ = a/[2 sin(θ/2)], where
θ is the twist angle and a is the lattice constant of graphene.
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Due to the hybridization of the Dirac cones of the top
and bottom layer, the electronic band structure of twisted
bilayer graphene (TBG) features two van Hove singulari-
ties, one located above and one located below the Fermi
level [5–8]. By adjusting the twist angle, these van Hove
singularities can be brought arbitrarily close to the Fermi
level. The latter allows one to systematically study and tune
the formation of electronic instabilities and correlated elec-
tron phases, such as Mott metal-insulator transitions, Wigner
crystallization, and magnetism [9–13]. At a twist angle of
1.1◦, the so-called magic angle, the energy bands near the
Fermi level become completely flat, resulting in a vanishing
Fermi velocity. In 2018, Cao et al. [9] showed that at this
magic twist angle the bilayer graphene exhibits superconduc-
tivity. At twist angles smaller than the magic angle, another
interesting phenomenon has been reported: Upon application
of a perpendicular electric field, small-angle twisted bilayer
graphene hosts a network of topologically protected states
across the moiré pattern [14–16]. This network has previously
been observed using scanning tunneling microscopy (STM)
by Huang et al. [14] at temperatures of 4.5 K. However,
our experiments show that this network can also be observed
under noncryogenic conditions: In Fig. 1, a room temperature
STM measurement of the network in twisted bilayer graphene
is shown. The twist angle of the bilayer is 0.55◦, as extracted
from the periodicity of the moiré pattern.

The triangular topological network of one-dimensional
(1D) states has been predicted by theory [17–20], and its
existence has been attributed to topological phase transitions
across the AB/BA domains inside the moiré pattern. This
phase transition is caused by the application of a perpendicular
electric field, which breaks the inversion symmetry of the AB
and BA stacking configurations. As a result, the valley Chern
number of the AB and BA domains is unity with a sign that
depends on the stacking configuration and the direction of the
electric field. Therefore, at an AB/BA domain boundary, a
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FIG. 1. Network of topologically protected states in twisted bi-
layer graphene. (a) STM image of the network of topologically
protected states. The bias voltage is 400 mV, and the current set
point is 500 pA. (b) Schematic representation of the moiré pattern
of twisted bilayer graphene, indicating the AA, AB, and BA stacked
regions. The green highlights indicate the triangular network.

change in the valley Chern number of ±2 is present. This
means that at every boundary there are two topologically
protected helical channels per valley, as shown in Fig. 2(a).
Accounting for spin degeneracy, the total conductance of the
one-dimensional boundary states is 4e2/h. Additionally, the
current along the domain boundaries is valley polarized, i.e.,
the K and K ′ states counterpropagate [15–17,19–22]. The
topological protection ensures that intervalley backscattering
is prevented. The valley-protected 1D states span the moiré
pattern of the TBG, connecting at the AA stacking regions.
This can be interpreted as the domain walls acting as links
in the network, whereas the AA domains act as nodes. In
the valley-protected network, K states arriving at a node have
three valley-preserving scattering directions [15,23], as shown
in Fig. 2(b).

Despite the fact that these topologically protected 1D states
have been observed in several studies [14–16], compelling
experimental evidence that these 1D states are indeed valley
protected is still lacking. The experimental proof for the exis-
tence of this valley protection is far from trivial as it requires a
completely defect- and impurity-free sample. In this paper we
will analyze fast Fourier transforms (FFTs) of STM images
of small-angle twisted bilayer graphene completely free of
defects and impurities. Our experiments reveal that intervalley
scattering in the triangular network of 1D states is fully absent.
The latter implies that at an AA node each channel can only
propagate in three out of the six possible directions and that

these channels can persist over longer length scales, as long
as the top and bottom graphene layers are free of defects and
impurities.

II. MATERIALS AND METHODS

The measurements were performed on highly oriented py-
rolytic graphite (HOPG) samples supplied by HQ Graphene.
HOPG not only is naturally Bernal stacked but also frequently
contains domains where the top layer is twisted with re-
spect to the underlying graphite, creating a twisted bilayer.
All STM data were recorded at room temperature using an
Omicron scanning tunneling microscope (STM1) using elec-
trochemically etched tungsten tips. The STM is mounted
in an ultrahigh vacuum chamber with a base pressure of
3 × 10−11 mbar.

By using scanning tunneling microscopy and applying a
fast Fourier transform to the extracted topography, one can
find details inside both the topography and the electronic
properties sometimes invisible to even the trained eye. This
FFT-STM technique can be applied to graphene, graphite, and
also bilayer graphene to easily verify the presence or absence
of intervalley scattering. It has previously been demonstrated
that inter-valley scattering can be induced in monolayer and
bilayer graphene by a defect, such as an atomic vacancy or
an adsorbed adatom [24–26]. Figure 2(c) shows a schematic
of the 1 × 1 unit cell in reciprocal space (green), as well as
the valleys (blue for K , red for K ′) of the band structure of
graphene. In reciprocal space, the graphene lattice results in
a hexagonal pattern of spots, as indicated in green. In the
case of defect-free, freestanding graphene, these spots will
appear around the central spot with a vector length of |b| =
4π/3a ≈ 2.95 Å−1. However, when a defect is present in
graphene, intervalley scattering of incoming electron waves
will occur at the defect. The latter will result in another set
of spots in reciprocal space with a (

√
3 × √

3)R30◦ structure,
corresponding to the K and K ′ valleys, with an associated
vector length |�K| = 4π/3

√
3a ≈ 1.70 Å−1.

III. RESULTS AND DISCUSSION

To demonstrate this, the Fourier transform of pristine
HOPG can be compared with the Fourier transform of HOPG
with a surface defect. In Figs. 3(a) and 3(b) both the real-space
STM topography and the FFT of the topography are shown

(a) (c)(b)

FIG. 2. Network of topologically protected states in twisted bilayer graphene. (a) Schematic of the band structure of twisted bilayer
graphene under an external electric field in the K and K ′ valleys, respectively. Two bands cross the Fermi level in each valley. (b) Real-space
depiction of valley-protected current across the AB/BA domain boundaries, showing the possible scattering directions for a K-valley electron
arriving at an AA node in the network. The K ′ directions are forbidden. (c) Depiction of graphene in reciprocal space, including the reciprocal
lattice and the Dirac cones at the K and K ′ points. Intervalley scattering is indicated by the black arrow.
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FIG. 3. Atomic resolution STM images of HOPG and twisted
bilayer graphene including their fast Fourier transforms. (a) STM
image of pristine HOPG, showing the honeycomb lattice. The bias
voltage is −600 mV, and the current set point is 1 nA. (b) FFT of (a),
showing the 1 × 1 spots. (c) HOPG surface with an adsorbed hydro-
gen atom in the center of the image. The bias voltage is −500 mV,
and the current set point is 600 pA. (d) FFT of (c), indicating the
presence of the 1 × 1 spots as well as the (

√
3 × √

3)R30◦ intervalley
scattering spots. White dashed lines indicate the inner and outer
hexagonal spots. (e) Atomic resolution zoom-in of the STM image of
Fig. 1(a) near one of the AA nodes. The bias voltage is 400 mV, and
the current set point is 500 pA. (f) FFT of (e), showing the graphene
1 × 1 spots without the presence of intervalley scattering.

for pristine HOPG. The FFT shows six spots belonging to
the 1 × 1 structure of the honeycomb lattice of graphene.
However, when a hydrogen atom is adsorbed on the HOPG, as
shown in Fig. 3(c), the FFT of Fig. 3(d) includes not only the
1 × 1 spots but also a (

√
3 × √

3)R30◦ pattern. These spots
are due to intervalley scattering of an incoming electron wave
from a K to a K ′ valley or vice versa.

To confirm the absence of intervalley scattering in twisted
bilayer graphene, STM topography images not only have
to show the topological network but also have to be of
atomic resolution. As mentioned previously, the network of

topologically protected states emerges when a perpendicu-
lar electric field breaks the inversion symmetry between the
AB/BA domains. In STM measurements, this electric field
is caused by the sample-tip bias V and the difference in
work function φ between the tip and the sample. Furthermore,
the application of a back gate also provides an additional
factor contributing to the electric field, allowing the gap of
the AB/BA regions to be tuned [27]. The work function
difference between sample and tip is difficult to control exper-
imentally, since it is dependent on the tip geometry; however,
a minor difference in work function of a few tens of eV
already leads to a substantial electric field, given the small
sample-tip distances. The latter implies that the topologically
protected states can be observed even at zero sample bias:
Scanning tunneling spectroscopy (STS) reveals that the local
density of states (LDOS) at the domain walls is higher than the
AB/BA domain walls at zero bias voltage [28]. Figure 3(e)
shows an atomic resolution image of one of the AA stacked
domains from Fig. 1(a). In this image, also parts of the domain
wall states are visible. Taking the FFT of this image results
in the familiar graphene 1 × 1 structure as seen in Fig. 3(f).
In the FFT, no spots corresponding to (

√
3 × √

3)R30◦ in-
tervalley scattering are present. This indicates that in the 1D
channels, as well as at the AA nodes, the electronic transport
is valley protected.

This series of experiments provides solid experimental ev-
idence that inside the network of one-dimensional states, no
native intervalley scattering occurs. We argue, however, as
predicted by theory [18], that even a single imperfection, in
the atomic lattice of either the top or the bottom layer, will
introduce intervalley scattering. This will locally destroy the
topological network and leave the TBG in the gapped phase.
In the case of a hydrogen adatom, this can normally be solved
by annealing the graphene. However, since previous reports
have mentioned that at elevated temperatures TBG is able
to “untwist” [9,29–31], reverting to the energetically favored
Bernal stacking, thermally annealing the sample to desorb
adatoms should be avoided. By the same reasoning, lattice
defects might be more difficult to remove. It has been theoret-
ically predicted that atomic hydrogen preferably chemisorbs
at AA stacked regions in twisted bilayer graphene [32]. This
could prove troublesome since this could possibly eliminate
an entire node from the network. In contrast, were hydrogen
to adsorb at a domain wall, only a single link would be
eliminated, leaving more of the network intact. It is therefore
crucial that if devices are fabricated with the intention of
making use of the network of one-dimensional states, the
graphene used for such devices should be of very high quality.
In addition, a capping layer of, for instance, hexagonal boron
nitride (hBN) could prevent the adsorption of unwanted atoms
or molecules to the graphene surface.

IV. CONCLUSION

In conclusion, we have provided compelling experimental
evidence that the electronic transport in small-angle twisted
bilayer graphene is valley protected, as predicted by theory.
By analyzing FFT-STM data of defect-free twisted bilayer
graphene, it can be seen that the topologically protected states
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are present even at room temperature and that intervalley
scattering is fully absent within the triangular network. This
solidifies the prediction that the one-dimensional channels can
persist over multiple moiré wavelengths as long as both layers
of the twisted bilayer are free of defects.
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