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Impact of vacancies on twisted bilayer graphene quantum point contacts
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We carry out an extensive numerical study of low-temperature electronic transport in quantum point contacts
based on twisted bilayer graphene. Assuming ballistic electron dynamics, quantized plateaus in the conductance
are observed in defect-free samples when the twisting angle is large enough. However, plateaus are smeared
out and hardly noticeable on decreasing the angle. Close to the magic angle, the conductance around the
charge neutrality point drops significantly and the quantization steps visible at higher angles are no longer
appreciable. Furthermore, we consider the effects of a random distribution of vacancies on the quantum point
contact. Whereas the electron-hole symmetry is broken in pristine samples, we find that this symmetry is restored
upon increasing the concentration of vacancies. We explain this effect by a reduction of the effective interlayer

coupling due to the presence of the vacancies.
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I. INTRODUCTION

Quantum point contacts (QPC), short narrow conductors
between two electron reservoirs that can be electrostatically
defined or etched in two-dimensional materials, are the center
of attention for their prospective applications in spin, valley,
and charge nanodevices [1]. The goal is to control, by varying
an external perturbation (typically an electrical potential), a
degree of freedom of the system. Charge noise limits the co-
herence times compared to spin, so graphene spintronics has
been an important area of research with the aim of achieving
device applications [2]. However, spin is hard to manipulate,
so other degrees of freedom available in graphene-based de-
vices, such as the valley index, are also the subject of current
interest [3].

In monolayer graphene, QPCs are created by etching since
a gate voltage does not open a gap in this material [4].
However, etching generally produces defects which hinder
the properties of the pristine material. In contradistinction,
it is possible to open a gap in bilayer graphene with Bernal
stacking by applying an electric field, so a great amount of
effort has been devoted to elucidate and tune its transport
properties via gate voltages. Furthermore, the fabrication of
electrostatic QPCs in bilayer graphene has allowed to pro-
duce one-dimensional conducting channels and probe their
transport behavior [5,6]. QPC defined by electrostatic gating
present fewer defects and has been shown to hold valley
transport, the properties of which are still being understood
[1,3,7].

Despite the aforementioned occurrence of defects and
roughness in lithographically defined graphene QPCs, much
effort has been devoted to improve these methods, and re-
cently, graphene nanoconstrictions with high-quality edges
have been fabricated employing a cryo-etching technique
[8,9]. Due to the low edge roughness and minimal defects,
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quantization of electron transport was experimentally ob-
served, demonstrating the fabrication of low-defect QPCs via
etching processes. This is especially important for twisted
bilayer graphene (TBG) QPCs, in which the interplay of
moiré and edge localization should be studied in systems
with well-defined edges [10—13]. In moiré systems, the inter-
layer coupling is inhomogeneous, being stronger in regions
with direct or AA stacking than in AB-stacked parts. Con-
sequently, edge states arising from AB-stacked regions are
closer to the Fermi energy than those stemming from AA
zones. Such nontrivial interplay of edge states and moiré
patterns has been evidenced in the identification of bead-
like states of moiré edges in graphite with stacking disorder
[10]. Hence, it is compelling to explore how such localization
might be affected by defects [14—17], especially vacancies
[18-20], which are themselves the source of localized states.
The above-mentioned inhomogeneous interlayer hopping in
moiré patterns is, moreover, related to the breaking of elec-
tron hole-symmetry at low energies [21,22]. Additionally,
issues such as the enhancement of strong correlations near
the magic angle in one-dimensional moiré systems [23,24],
the nontrivial band topology of twisted bilayer graphene
[25], the possible existence of gapped edge states related
to its higher-order topology [26], or even corner states [27]
in this material, have spurred the experimental exploration
of quasi-one-dimensional moiré structures [28-30]. In fact,
twisted bilayer graphene nanoribbon (GNR) junctions have
been experimentally shown to present highly tunable edge
states with energy and spin degeneracy crucially dependent on
the edge stacking offset [30]. Despite the progress on fabrica-
tion techniques, some defects or impurities might be present
either due to the edge-shaping process or to the adsorption
of hydrogen in the GNR, so it is relevant to address the role
of defects in these twisted moiré QPCs to assess the change
induced in their transport properties.

In this work, we study electron transport in QPCs based
on TBG in the ballistic regime. In particular, we focus on
the impact of single vacancies that can appear during growth
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FIG. 1. Sketch of the device that consists of a small graphene
flake placed on top of a very long armchair GNR of the same width.
The top flake is rotated with respect to the bottom GNR. The two
regions of the long GNR away from the top flake are regarded as
ideal leads, labeled L (left) and R (right).

and its effect on the transport properties of such QPCs. We
analyze the interplay of vacancy-related localized states with
edge states, which have been shown to be affected by the
inhomogeneous coupling arising from the twist angle. In
pristine samples, conductance is quantized for moderately
large twist angle (larger than ~ 10°), but quantized plateaus
are hardly noticeable on approaching the magic angle (~
1.1°). As it is well known, the occurrence of moiré patterns
breaks the electron-hole symmetry. However, we find that the
electron-hole symmetry is partially restored on increasing the
concentration of vacancies. We also explore the consequences
of the spatial distribution of vacancies over the QPC, verifying
that they have a larger impact when they are mainly located at
the central part for systems with armchair edges.

The paper is organized as follows. In Sec. II we present
the system and model Hamiltonian used for obtaining elec-
tronic transport properties. In Sec. III we present our results
in two steps. First, in Sec. III A we investigate pristine QPCs
and investigate the dependence of the conductance on the
twist angle. Second, in Sec. IIIB we study the effect of a
random distribution of single vacancies on the conductance.
Section IV concludes with a brief summary of the results.

II. SYSTEM AND MODEL HAMILTONIAN

The system under consideration consists of a very long
armchair GNR, on top of which a ultrasmall graphene flake of
the same width is placed. The top flake is rotated with respect
to the bottom GNR and it can be viewed as a graphene quan-
tum dot. At 0° rotation angle the flake has an armchair edge
aligned with that of the bottom GNR, presenting two zigzag
edges at the leads-conductor coupling areas. For nonzero ro-
tation angle, we preserve the armchair edges in the current
direction, and chiral edges [31], with mixed zigzag-armchair
character, arise in the direction perpendicular to the current.
The two regions of the bottom GNR away from the top flake
are regarded as ideal leads, denoted left (L) and right (R)
in Fig. 1. Therefore, electrons coming from the left lead are
scattered off from the middle region that is coupled to the top
flake and then they are reflected or transmitted to the right
lead. In this way a QPC is created.

The tight-binding Hamiltonian reads as H| + Hy + Hiner,
where H, describes the electron dynamics in the lower (£ = 1)
and upper (¢ = 2) graphene monolayers (the ribbon and the
flake, respectively). Since our focus are the low-energy trans-
port properties of the twisted QPC, we use a nearest-neighbor
approximation for the intralayer Hamiltonian and include a
larger-range interlayer hoppings for the interlayer coupling.

This approach has been successfully employed in twisted bi-
layer systems [11,32,33] and also in Bernal graphene bilayers
[22,34]. The intralayer nearest-neighbor hopping describes
the linear dispersion near the Fermi point and the interlayer
hoppings provide a low-energy modification of this dispersion
with an exponentially decaying coupling within the Slater-
Koster approach [22,33]. Hence

He = —Zyoczicej+H.c., (1a)
(i, J)

Hinter = — Z y1 e PUii=d cii ¢; +He, (1b)
ij
where H.c. stands for Hermitian conjugate and the summation
in (i, j) runs over nearest-neighbor C atoms. The origin of
energy is set at the energy of the C orbital. Here c,; and
c,; are the creation and annihilation fermion operators at
site i of the monolayer £. The parameters yy = 3.16 eV and
y1 = 0.39 eV, are the intra and interlayer nearest-neighbor
hoppings, respectively; r;; = |r; — r;| is the distance between
atoms with positions r; and r;, each one located on a different
layer; d = 3.35A is the interlayer distance and g = 3 A~!
[10]. The summation in (1b) runs over all atom pairs i and
Jj of different layers and it is restricted to r;; < 6ap, with
ap = 1.42 A being the C—C distance. This parametrization has
been proved to provide excellent agreement with ab initio cal-
culations of the bands near the Fermi energy of TBG systems
[23,24,33,35].
Electron states of the QPC are characterized by the local
density of states (LDOS), defined as

p(ri, E) =Y |Y(r)8(E — E,), (2a)

where the summation runs over all eigenstates of the QPC
with energy E, and v, (r;) denotes the amplitude at posi-
tion r; of the corresponding eigenstate. The wave function
is assumed to be normalized hereafter. Similarly, the density
of states (DOS) is calculated from the LDOS as p(E) =
Zﬁvzl p(ri, E), where N is the number of atomic positions in
the QPC.

The spatial extent of an arbitrary eigenstate v can also be
estimated from the participation ratio (PR)

N -1
PR, = (Z m(r,-)r*) : (2b)
i=1

Recall that PR, ~ 1 when the eigenstate is localized at a
single atom and PR, ~ N when the eigenstate is extended
over the entire QPC. Finally, electron transport properties
at low temperature were calculated within the framework of
the Landauer-Biittiker formalism [36]. In this formalism, the
conductance is calculated in the linear regime (i.e., at low
bias) as
2
G(E) = " T(E), (20)

where 7(E) is the transmission coefficient at energy E. Elec-
trons scatter off the QPC and conductance is found to be
dependent on the number of modes which can travel along the
device. Calculation of the three magnitudes (2) was performed
with the help of the Kwant toolkit [37].
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FIG. 2. Leftmost panels show the conductance (blue line) and DOS of the QPC (red line) for rotation angles of (a) 6 = 2°, (d) 0 = 6°,
and (g) 6 = 10°. Insets of leftmost panels show an enlarged view of the conductance and DOS. Middle panels show the PR for (b) 6 = 2°,
(e) 8 = 6°, and (h) 8 = 10°. The rightmost panels represent the LDOS at energy £ = 0 eV for each rotation angle. The radii of the circles are
proportional to the LDOS on each atom. Left and right leads appear in red color.

III. RESULTS

Our results were obtained for a QPC of dimensions
5 x 5nm?, which contains of the order of 1900 atoms. This
size suffices to observe the moiré pattern at moderately small
angles and does not demand excessive computational cost.
Due to the electron-hole symmetry breaking, we consider both
positive and negative energies in the range 1.5 eV around
the charge neutrality point.

A. Pristine QPC

First we consider a pristine QPC to assess the electron
dynamics in the absence of vacancies. Figure 2 depicts the
conductance, PR and LDOS as functions of the energy for
rotation angles 6 of 2°, 6°, and 10°. The conductance curves
are asymmetrical around the charge neutrality point, pre-
senting higher values at negative energies for 6 = 2°, but at
positive energies in the case of § = 6° and 8 = 10°. This
electron-hole broken symmetry is related to the extent of the
interlayer coupling that reaches all neighboring atoms within
a circle of 8.52 A radius. As discussed in the context of TBG,
the coupling between atoms of the same sublattice causes
electron-hole symmetry breaking. Furthermore, the conduc-
tance presents a marked dependence with the rotation angle.

At 8 = 10° the three plateaus of the quantized conductance
are perfectly observable up to +0.8 eV and coincide with
those of a single GNR. On decreasing the angle the moiré
periodicity is less apparent since the flake size becomes
smaller than the moiré period and the plateaus of the con-
ductance are smeared out, being barely noticeable for 6 = 2°.
Figure S1 in the Supplemental Material [38] supports this
assertion with more rotation angles, where the nontwisted case
6 = 0° has been also displayed.

If we turn the attention to the DOS, plotted in red in
Figs. 2(a), 2(d), and 2(g), it provides information of the con-
tinuum of states of the leads as well as the discrete states of the
QPC. The DOS presents sharp peaks due to the occurrence of
discrete levels that result from quantum confinement effects
in the upper finite flake of the QPC, which can be viewed
as a coupled quantum dot to a GNR conductor. These states
are confined at the top flake and interfere with the continuum
states of the GNR as well-known Fano-type antiresonances.
This gives rise to sharp dips in the conductance curves (espe-
cially distinguished at the plateaus), which are also identified
by the coincidence in energy with the DOS peaks due to the
discrete states. This behavior was also observed in bilayer
flakes with AA or AB stacking for which these destructive
interferences were also analyzed [39,40].
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FIG. 3. Leftmost panels show conductance of a pristine QPC (gray dashed line) and a defective QPC (blue line) at 6 = 6°. In the later
case, vacancies are randomly distributed over the whole QPC with concentration (a) 1% and (d) 3%. The DOS of the QPC is also displayed
(red line). Middle panels show the PR corresponding to panels (a) and (d), respectively. The rightmost panels show the LDOS at £ = 0eV for
each concentration. The radii of the circles are proportional to the LDOS on each atom.

Among the confined states mentioned before, those at E =
0eV are remarkable since they exhibit a huge peak in the
DOS for all rotation angles in Fig. 2. The states associated
to these peaks are highly localized, in accordance with the
small value of the PR observed in Fig. 2. The insets of the left
panels of Fig. 2 show an enlarged view of the conductance and
DOS close to the charge neutrality point. It is found that there
are two very close peaks at positive and negative energy. The
spatial extent of the corresponding states can be revealed by
the atom-resolved LDOS, presented in the rightmost panels
of Fig. 2. It indicates the edge-like character of the states,
localized at the transverse edge of the upper flake of the QPC,
perpendicularly to the direction of the current. In the case of
6 = 2°, the states spread along the edge, while in the other
two angles they are corner-like states. This can be explained
in view of the zigzag character of the edge that is well known
to cause the appearance of zero energy states in graphene. The
transverse edge is mainly zigzag for 6 = 2°, but on increasing
the angle, the edges become more chiral (i.e., a larger mixture
of zigzag and armchair portions [31]) and prevent the spread-
ing of the states. Also, it is worth mentioning that the two
edge states for 6 = 2° decay inside the QPC [Fig. 2(c)], but
are weakly coupled due to the small size of the QPC. This
coupling is responsible for the small shift from the charge
neutrality point of the two peaks, which hybridize to form
bonding and antibonding states. More localized states and
their spatial extent can be found in Fig. S2 of the Supplemen-
tal Material [38] for other twist angles. At |E| > 0.4eV the
DOS gradually grows as the number of occupied modes of
the leads increases.

B. QPC with vacancies

We now turn our attention to the effects of point vacancies
located in the QPC on electron transport properties. These
defects are introduced by removing atomic sites and the cor-
responding bonds in both monolayers of graphene. First, we
study a random distribution of vacancies over the entire QPC
(vacancies are not included in the leads). Next, we restrict the
location of the vacancies to the edges and to the middle region
of the QPC to elucidate their impact on the conductance.

Transport properties in a nanometric system are found to
depend noticeably on the particular arrangement of vacancies
of each disorder realization. Hence, an average over different
disorder realizations does not provide useful information, as it
is usual for nanoscopic systems. Instead, we choose some par-
ticular configurations to present the typical electrical response
of the QPC. Taking the intermediate angle 6 = 6° of the
pristine QPC (Fig. 2) as an example of the twisted angle, we
show in Fig. 3 the effect of adding a distribution of vacancies
covering at random the entire area of the QPC, for concen-
trations of 1% and 3% relative to the total QPC sites. The
3% case was generated from the configuration with 1% and
adding extra vacancies, so that both concentrations share part
of the vacancy positions. A first result observed in Figs. 3(a)
and 3(d) is the drop of the conductance and the suppression
of the previously smeared out plateaus (with decreasing twist
angle) due to scattering. This effect raises with the vacancy
concentration. It is also a noticeable gap in the conductance
that appears at low energies, which broadens on increasing
the concentration. Vacancies in graphene are known to induce
localized states with energies close to the Dirac point [41,42].
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FIG. 4. Conductance as a function of energy of a pristine QPC (gray dashed line) and a defective QPC in the case of & = 6° when the
vacancies are located at (a) edges and (d) central part of the QPC. Panels (b) and (e) show the PR corresponding to panels (a) and (d),
respectively. Panels (c) and (f) display the LDOS at energy £ = 0 eV for each case. The radii of the circles are proportional to the LDOS on

each atom. The concentration of vacancies is 3% in both cases.

These localized states interfere with the continuum of states
as Fano resonances, causing zero-conductance dips. These
dips were later extensively studied in graphene nanoribbons
[43-45], where the shape and energy of the dip depended
on the geometry of the edge and the position of the vacancy.
However, when the edge is armchair the dip remains around
E = 0 for both monolayer and bilayer ribbons. In the case of
this work, where there are many vacancies, the single vacancy
antiresonances add up, leading to the formation of a transport
gap around zero energy [45]. The DOS confirms this affirma-
tion, with many peaks flocking together around this energy
due to the appearance of vacancy states, as expected [41,43],
in contrast to the pristine case presented in Fig. 2.

However, the most intriguing effect caused by vacancies is
that the conductance curves become more symmetrical than
in the pristine case, and this symmetry turns out to increase
with the vacancy concentration [see Figs. 3(a) and 3(d)]. This
phenomenon not only occurs for the chosen arrangement of
vacancies, but in many other studied configurations, as shown
in Fig. S3 in the Supplemental Material [38]. Therefore,
we find a recovery of the electron-hole symmetry, clearly
broken in twisted bilayer graphene, with the inclusion of
vacancies. Broken symmetry for this model of TBG occurs
due to the large span of the interlayer hopping which, un-
like the usual nearest-neighbor hopping models in monolayer
graphene (with hoppings only between different sublattices,
A-B), includes also tunnel processes between atoms of the
same sublattices, i.e., A-A or B-B. This hopping between
atoms of the same sublattice causes electron-hole symmetry
breaking [22]. We claim that the addition of vacancies weak-
ens the same-sublattice hopping because it reduces the total
number of interlayer tunnel processes. This implies that there

are fewer hoppings between the same sublattices so that the
electron-hole symmetry is partially restored.

The PR of electron states is also affected by vacancies.
Compared to the pristine case [see Fig. 2(e)], the region
with low PR around the charge neutrality point of energy
becomes broader on adding vacancies, as it can be observed in
Figs. 3(b) and 3(e). This means that states are more localized
in this case, according with the previous analysis. Finally, we
explore the energy E = 0 and plot the LDOS in Figs. 3(c) and
3(f). The localization of the E = 0 state around the vacancies
can be noticed under a close inspection. However, localization
is stronger at the zigzag edges of the top flake; in fact, the
E = 0 state is mainly located at the edges of the QPC as in
the pristine QPC [see Fig. 2(f)].

In addition, we study the dependence of transport prop-
erties with the relative position of vacancies inside the QPC
in a similar way to Ref. [46]. For that purpose, we study
two different spatial configurations of vacancies located at
the edge and central regions. In the first configuration, we
add vacancies randomly but restricted inside two areas at
the longitudinal edges of the QPC, i.e., those parallel to the
current direction. Each area covers 1 x 5nm? [see the areas in
Fig. 4(c)]. In the second configuration, we restrict the random
vacancies only to the middle region of the QPC, in an area
of 3 x 5nm? [see the area in Fig. 4(f)]. The sum of the areas
with possible vacancies of the first and second configurations
gives the entire flake area. The vacancy concentration is the
same for both configurations, namely, 3% relative to the total
QPC sites. It is observed that, for the edge geometry studied in
this work, with armchair edges in the direction of the current,
vacancies located at the edges are less detrimental for electron
transport, producing a smaller drop in the conductance than
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the vacancies placed in the middle region [Figs. 4(a) and 4(d)].
This can be explained by analyzing the spatial distribution of
the electronic wave function in the flake. The amplitude of the
wave function of an armchair system practically vanishes at
the edges, which causes the overlap with localized vacancy
states to be smaller when vacancies are located at the edges.
Therefore, the detrimental effect on the conductance is less
compared to the case of vacancies localized at the central part
of the flake. This also explains the smaller conduction gap at
the edge configuration. In both configurations the number of
vacancies is equal to the case of the distribution spread over
the entire QPC of Fig. 3(f). However, as the defects are re-
stricted to smaller regions in the configuration with vacancies
at the edges, the intervacancy distance is lower. The vacancies
being closer, their local densities add up, yielding a larger
LDOS in Figs. 4(c) and 4(f). Notice that, in this case, the
LDOS is not dominated by localization at the edges, as it was
the situation depicted in Fig. 3(f).

IV. CONCLUSION

In summary, we studied numerically electron transport
through QPCs made of twisted bilayer GNRs at low tem-
perature in the linear regime. The twist angle determines
the electronic conductance of pristine samples. On one side,
decreasing the angle to approach the magic angle (6 ~ 1.1°)

makes the quantized plateaus hardly observable. On the other
side, the occurrence of moiré patterns break the electron-hole
symmetry, as revealed by the conductance curves when the
Fermi level is shifted from the charge neutrality point. We
also considered fabrication imperfections in the form of single
vacancies randomly distributed over the QPC. We studied
three different arrangements of the vacancies, namely, uni-
formly spread over the entire QPC, located in the central
region of the QPC or at the edges of the QPC. Remarkably, the
electron-hole symmetry is partially recovered upon increasing
the concentration of vacancies that are uniformly distributed
over the QPC. The recovery can be attributed to the reduc-
tion of the effective interlayer coupling. Finally, the relevance
of edge states in the electron transport is determined from
the smaller detrimental effect of the conductance when the
vacancies are located at the edges.
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