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In graphene, charged defects break the electron-hole symmetry and can even give rise to exotic collapse states when the defect
charge exceeds a critical value which is proportional to the Fermi velocity. In this work, we investigate the electronic properties of
twisted bilayer graphene (tBLG) with charged defects using tight-binding calculations. Like monolayer graphene, tBLG exhibits
linear bands near the Fermi level but with a dramatically reduced Fermi velocity near the magic angle (approximately 1.1°). This
suggests that the critical value of the defect charge in magic-angle tBLG should also be very small. We find that charged defects
give rise to significant changes in the low-energy electronic structure of tBLG. Depending on the defect position in the moiré unit
cell, it is possible to open a band gap or to induce an additional flattening of the low-energy valence and conduction bands. Our
calculations suggest that the collapse states of the two monolayers hybridize in the twisted bilayer. However, their in-plane
localization remains largely unaffected by the presence of the additional twisted layer because of the different length scales of the
moiré lattice and the monolayer collapse state wavefunctions. These predictions can be tested in scanning tunneling spectroscopy

experiments.
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INTRODUCTION

Since the experimental discovery of correlated insulator states and
unconventional superconductivity in magic-angle twisted bilayer
graphene (tBLG)'?, there has been significant interest in under-
standing the electronic properties of this system® 22, The low-
energy electronic structure of tBLG is characterized by a set of four
bands, which become extremely flat as the twist angle approaches
the magic angle of approximately 1.1°2372°, Near the K and K’
points of the moiré Brillouin zone, these bands exhibit a linear
dispersion—similar to monolayer graphene—but with a drama-
tically reduced Fermi velocity?3-253931,

To date, most experimental and theoretical works have focused
on understanding the properties of pristine tBLG, but it is well
known that defects play an important role in real devices that
exploit the properties of two-dimensional (2D) materials''32, In
particular, impurities that donate electrons or holes can be used to
control the concentration of charge carriers®3=3°, Once ionized,
these impurities act as Coulomb scatterers and reduce the charge
carrier mobility*®. Recently, charged defects in tBLG have been
investigated by Larson et al*’ using ab initio density-functional
theory (DFT). They showed that intercalated lithium atoms reside
in regions of AA-stacking in the moiré unit cell and act as electron
donors. Interestingly, they also found that the intercalation gives
rise to a slight deformation of the band structure. However, only
relatively large twist angles (7.34° and 2.45°) were studied**** and
this motivates our study of charged defects in tBLG near the
magic angle.

Charged defects have been extensively studied in monolayer
graphene**. As electrons in graphene obey a Dirac equation
like relativistic particles (but with the Fermi velocity of graphene
replacing the speed of light), their response to a charged defect

depends sensitively on the magnitude of the defect charge.
Specifically, it has been found that there is a critical value of the
defect charge, given by Z. = evg/2 (in atomic units), where ¢ is the
effective dielectric constant (containing both the internal screen-
ing in the graphene and the external screening due to the
substrate) and v is the Fermi velocity*®*°. When the defect
charge is smaller than Z,, the system is in the so-called subcritical
regime characterized by a broken electron-hole symmetry. When
the system is in the supercritical regime, i.e, when the defect
charge exceeds Z., a novel collapse state is formed which gives
rise to a resonance in the local density of states in the vicinity of
the defect®**7°0, This state represents the quantization of a
semiclassical trajectory in which the electron spirals inwards
towards the defect before spiraling back outwards and coupling
to a hole that propagates away from the defect.

While it has proven extremely difficult to observe collapse states
in relativistic systems, the realization of these states is much easier
in graphene. As the Fermi velocity of graphene is much smaller
than the speed of light, the critical defect charge for graphene on
a hexagonal boron nitride substrate is on the order of unity
(compared to Z. ~ 170 for relativistic particles in vacuum). Indeed,
collapse states were first observed by Wang et al.*” who created
defects with a controllable charge by assembling Ca atom dimers
on graphene. For defects containing three or more dimers, they
observed the emergence of a peak in the scanning tunneling
spectrum near the defect which was interpreted as the signature
of a collapse state. Later, a collapse state was also observed near
charged vacancies by Mao and coworkers®”. Wang et al.> were
able to induce a so-called frustrated supercritical collapse state in
graphene by assembling a chain of molecules with subcritical
charges.
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Fig. 1 Crystal structure of twisted bilayer graphene with its high-
symmetry regions and charged defect potential. Top: Schematic
depiction of tBLG with the potential due to a charged defect (with
charge q). Bottom: different high-symmetry stacking regions (AA, br,
AB) that exist in the moiré unit cell of tBLG.

In this paper, we study the behavior of charged defects in
twisted bilayer graphene near the magic angle. As the Fermi
velocity approaches zero near the magic angle, one might naively
expect that the critical defect charge Z. = eve/2 also becomes
very small, suggesting that even a defect with a small charge
could induce a collapse state in this system. To address this
question, we carry out atomistic tight-binding calculations of tBLG
with a charged defect near the magic angle. The defect is
modeled as a point charge which induces a Coulomb potential
that acts on the electrons in tBLG. We observe that the charged
defect gives rise to significant changes in the flat bands that
depend sensitively on the position of the defect in the moiré unit
cell. However, we do not observe signatures of a collapse state in
the flat band manifold. To understand this finding, we analyze the
evolution of the collapse state of a graphene monolayer as the
hopping to the second (twisted) graphene layer is turned on. We
find that the collapse states on both monolayers hybridize as a
result of interlayer hopping. Surprisingly, the hybridized states
remain highly localized in tBLG (which is why they do not affect
the flat band manifold), but their splitting destroys the associated
peak in the local density of states. These predictions can be tested
in scanning tunneling spectroscopy experiments.

RESULTS
Effect of charged defects on the flat bands

We first discuss the dependence of the flat band manifold on the
position of the charged defect in the moiré unit cell. In principle,
charged defects can reside at a large variety of inequivalent
positions in the moiré unit cell of tBLG. They can intercalate
between the layers*' or adsorb on the surface. Here, we focus on
the intercalated charged defects and study the electronic
structure for different high-symmetry positions in the moiré unit
cell (we have found that the electronic structure of adsorbed and
intercalated charged defects is very similar, see Supporting
Information Supplementary Fig. 1). In particular, we consider the
defect to be located at the center of the AA, AB and bridge regions
(br), shown schematically in Fig. 1. We focus on twist angles that
are sufficiently small such that the defect potential decays
significantly within a single moiré unit cell. If one places the
charged intercalant at the center of the AA region, no symmetries
are broken. Therefore, the band structure still exhibits a Dirac cone
at the K and K’ points, as shown in Fig. 2a—c for a twist angle of
1.54° for a negatively charged defect. As the magnitude of the
effective defect charge (see Methods section for additional details)
increases, the Dirac cone at the K-point shifts up in energy relative
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to the states at I'. Conversely, for a positively charged defect, the
states at the K-point shift downwards relative to the states at the
l-point (see Supporting Information Supplementary Fig. 2). For
g = —0.1, the low-energy conduction bands are extremely flat.
For g = —0.15, the dispersion of the lowest conduction band is
qualitatively different and exhibits a negative curvature near T,
similar to the highest energy valence bands near T. Similar
observations were reported in ref. *' for a Li atom intercalated in
tBLG for twist angles of 7.34° and 2.45°.

Interestingly, these band distortions are remarkably similar to
those obtained from Hartree theory calculations of doped tBLG
without charged defects®19193251-53 The flat band states near K
and K’ are localized in the AA regions of the moiré unit cell®*.
Therefore, when electrons or holes are added into the lowest-
energy flat band states, the charge density in the AA regions
changes, creating a localized charge density similar to that of a
charged defect. This causes a large change in the Hartree
potential. When electrons are added (removed), the Hartree
potential is positive (negative) in the AA regions. As the states at
the edge of the Brillouin zone (e.g., at K/K’ and M) are localized on
the AA regions [see Supporting Information Supplementary Fig.
3b, d], these states are pushed to higher (lower) energies. In
contrast, states near the center of the Brillouin zone are localized
on the AB/BA regions, and their energies do not change
significantly upon doping. This difference in the response of the
states at the center and the corners of the Brillouin zone explains
the strong band deformations that are observed upon doping or
adding a charged defect in the AA regions'®>">2,

In contrast, when the defect is placed at the center of the AB
regions of the moiré unit cell, a gap opens at the K and K’ points,
and the Dirac cone is destroyed (see Fig. 2d-f at a twist angle of
1.54°). With increasing defect charge, this gap widens. We can
understand this gap opening from an analysis of the flat-band
Wannier functions'#>>°¢, These Wannier functions are centered
on the AB and BA regions of the moiré unit cell, which can be
thought of as the two sublattices of the moiré flat bands, similar to
the A and B sublattices of graphene. Therefore, upon placing a
defect on one of the sublattices, the sublattice symmetry is broken
which protects the Dirac cone at K/K" and a gap is opened.

In addition to the gap opening, we also observe some
distortions of the flat bands. As g increases, the states near I
increase in energy relative to the states at K/K'. As the states near '
are localized in the AB and BA regions of the moiré unit cell, the
potential of the charged defect couples more strongly to these
states than to the states at K and K'. It is interesting to note that
the band deformations are less pronounced compared to the case
when the defect is placed in the AA regions. This is a consequence
of the lower degree of localization of the states near I compared
to those at K/K'.

Finally, tBLG with a defect in the center of the bridge regions
does not exhibit Dirac points at K and K’, see Fig. 2g, h. However,
the system is metallic as a band from the valence manifold of tBLG
crosses a band from the conduction manifold along the I to K line,
see Fig. 2h.

The results we have presented so far depend on the value of
the dielectric constant which is used to screen the bare Coulomb
potential created by the charged defect. Very close to the magic
angle, the formation of flat bands increases the dielectric constant
which in turn weakens the screened defect potential®’. As a
consequence, for defects in the AA regions the deformations of
the band structure will be less pronounced and for defects in the
AB regions the size of the band gap will be reduced.

Another variable which can be tuned in tBLG is the twist angle.
In Fig. 3, we show the evolution of the band structure of undoped
tBLG with a charged defect with g = —0.1 in the AA region as the
twist angle is reduced (see Supporting Information Supplementary
Fig. 4 for AB and br regions). As discussed above, this system
exhibits extremely flat conduction bands at low energies for a
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Fig. 2 Electronic band structures of twisted bilayer graphene with different charged defects intercalated at different high-symmetry
regions. Electronic band structure of twisted bilayer graphene (with a twist angle of 1.54°) with an intercalated charged defect at the center of
the a—c AA, d-f AB, and g-i bridge (br) regions. For each region, three different g values (—0.05, —0.10, and —0.15) are considered and, for
reference, the band structure for g = 0 is also included in light gray color. The zero of energy (indicated by the horizontal black dashed lines) is
set to the energy of the Dirac point or the center of the band gap in each case.

twist angle of 1.54°, see Fig. 3a. Upon decreasing the twist angle
towards the magic angle, the effect of the defect becomes more
pronounced and the states at K are pushed up so much that the
sign of the curvature of the lowest conduction band near I
changes, see Fig. 3b. Very close to the magic angle, at a twist
angle of 1.05° the flat bands are again strongly distorted by the
defect potential, and the gap between the flat bands and the
remote bands becomes very small, see Fig. 3c. Again, these
findings are reminiscent of the band structure of doped tBLG as
the twist angle approaches the magic angle>°8,

Collapse states in graphene and their fate in tBLG

Before discussing the existence of a collapse state in tBLG, we first
revisit the collapse states in monolayer graphene from a band
structure perspective.

In Fig. 4a-d, we show the LDOS of an 80 x 80 graphene
supercell with a charged adsorbate as function of energy for two
distances (5.11 nm and 16.33 nm) from the defect for different
effective defect charges. The charged defect is placed directly
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above a carbon atom in the center of supercell at a distance of
0.5 A above the graphene plane. The LDOS of graphene has a
characteristic V-shape at low energies®®. For small effective defect
charges (see Fig. 4a for an effective charge of g = —0.1), the LDOS
is not significantly altered by the presence of the defect. As the
effective defect charge is increased, an additional peak corre-
sponding to a collapse state emerges in the LDOS, as highlighted
by the red arrows. For a negatively charged defect, the peak
appears on the valence side at an energy of approximately
100 meV below the Dirac point. Moreover, at slightly more
negative energies than the peak, a pronounced dip in the LDOS
can be observed, see Fig. 4c. At energies above the Dirac point,
the LDOS near the defect is reduced compared to its value far
away from the defect and also exhibits a clear electron-hole
asymmetry®. For a positively charged defect, we find a similar
behavior but with the important difference that the collapse state
peak is located at energies above the Dirac point (see Supporting
Information Supplementary Fig. 5). These observations are well
known from previous studies of charged defects in monolayer
graphene3**7,
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Fig. 3 Electronic band structures of twisted bilayer graphene with a charged defects intercalated at the AA region with different twist
angles. Electronic band structures of twisted bilayer graphene with an intercalated charged defect (G = —0.1) at the AA region for three twist
angles: a 1.54° b 1.30° and ¢ 1.05°. The band structure without the defect is shown in light gray for comparison. The zero of energy (indicated
by the horizontal black dashed lines) is defined as the Dirac point energy.

Next, we analyze the origin of the LDOS peak in terms of the
band structure of the 80 x 80 supercell with a charged defect. For
a periodic superlattice of charged defects on graphene, the band
structure is an experimental observable and can be accessed, for
example, through angle-resolved photoemission spectroscopy®’.
In Fig. 4e—h, we show the band structures corresponding to the
LDOS plots in Fig. 4a-d. We note that the details of the band
structure depend on the choice of supercell. For the 80 x
80 supercell that we studied, the Dirac cone is mapped onto the
K-point of the mini Brillouin zone. For small effective defect
charges, such as g = —0.1, we do not observe any significant
changes in the band structure. As the magnitude of the effective
defect charge is increased to g =—0.2 or —0.3, the bands with
energies of approximately —100 meV flatten between K and T
(indicated by the red circles), giving rise to the peak in the LDOS.
This critical value of the defect charge is consistent with the
analytical result Z. = % = 0.25 for a graphene sheet in vacuum. As
the defect charge increases even more, these bands become even
flatter and move to higher energies. Interestingly, a second Dirac
cone emerges below the flat bands which gives rise to the dip in
the LDOS beyond the collapse state peak. For a positively charged
defect, this secondary Dirac cone emerges above the flat collapse-
state bands (see Supporting Information Supplementary Fig. 5).

Next, we study the fate of the collapse state in tBLG. Figure 4
shows the evolution of the band structure of 1.54° tBLG with a
charged intercalant with g= —0.30 in the AA region (results for
charged defects in the AB and br regions are shown in the
Supporting Information, see Supplementary Fig. 6) as the hopping
between the two graphene layers is gradually “turned on” (see
Supporting Information Supplementary Fig. 7 for the same
analysis for tBLG without a charged defect). This is achieved by
scaling the Slater-Koster parameter Vgpo, which controls the
strength of interlayer hopping, by a parameter a that ranges from
0 to 1. For a=0, the band structure is very similar to that of the
80 X 80 graphene supercell, see Fig. 5a, with only small differences
arising from the (non-zero, but small) Vgpﬂ hoppings between the
layers. As a increases, the band structure undergoes significant
changes. In particular, the Fermi velocity decreases and the flat
bands corresponding to the collapse state (at approximately —190
meV in Fig. 5a and circled in green) split and become dispersive in
the regions between K and . As the inter-layer hopping is further
increased, the splitting of the collapse state bands increases and
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the lower pair crosses a deeper-lying band (circled in orange in
Fig. 5a—d).

To further understand the interplay between collapse states and
the moiré potential, we analyze the wavefunctions of the relevant
states at I' for several values of a (see Fig. 5 bottom panel).
Inspection of the wavefunctions for a = 0 reveals that the collapse
states are strongly localized in the vicinity of the charged defect,
while the states below the collapse states are delocalized over the
AB and br regions. For a = 0.25, the collapse state bands split, but
the in-plane localization of the corresponding wavefunctions does
not change significantly compared to a = 0. However, interlayer
hopping results in a coupling of the monolayer collapse states
which gives rise to the observed energy splitting. As a is further
increased, the splitting of the hybridized collapse states further
increases and the lower-lying collapse-state bands eventually
cross the deeper-lying bands (see Fig. 5¢, d). While the formation
of hybridized collapse states gives rise to a significant energy
splitting at I, symmetry requires that the collapse state bands
remain degenerate at K and K'. As a consequence, the localized
collapse state bands acquire a significant dispersion along the I to
K/K' direction.

Finally, Fig. 6a shows the local density of states of twisted
bilayer graphene with and without a charged defect at a distance
of 2.93 nm, along the diagonal of the cell, away from the defect
site. Even without a charged defect (g = 0), the LDOS exhibit a
series of peaks arising from van Hove singularities of the different
minibands. When the defect charge is increased to g = —0.1, we
observe that features in the LDOS are shifted and peak intensities
are changed. For example, the peak near +25 meV significantly
increases because of band flattening induced by the defect. For a
defect charge which is above the critical value for monolayer
graphene (g = —0.3), more dramatic changes in the LDOS can be
observed. In particular, the peaks at positive energies become
more prominent and shift to lower energies. Importantly, we do
not observe a signature of collapse states in the LDOS. Such
signatures are expected to occur at negative energies: as shown in
Fig. 5d, the higher-lying set of bands with collapse state character
have an energy of —100 meV at I, but there is no corresponding
peak in the LDOS. As discussed above, this is a consequence of the
dispersion acquired by the collapse state bands arising from
interlayer hybridization.
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Fig. 4 Local density of states and electronic band structures of graphene supercell for different values of the effective defect charge.
a-d Local density of states of an 80 x 80 monolayer graphene supercell with a charged adsorbate for two distances from the defect and for
four different values of the effective defect charge. Red arrows indicate the peak due to the collapse state. e-h Corresponding electronic band
structures with the bands that give rise to the collapse state circled in red. The zero of energy is referenced to the energy of the Dirac point.

DISCUSSION

We have studied the electronic structure of twisted bilayer
graphene with a charged defect near the magic angle. In contrast
to the naive expectation that the strongly reduced Fermi velocity
in tBLG results in a very small value of the critical defect charge for
inducing collapse states in the flat band manifold, we find that the
charged defect only induces deformations of the flat bands which
depend sensitively on the position of the defect in the moiré unit
cell. For example, we observe an additional flattening of the flat
bands that is reminiscent of the band structure of the doped
system without defects for charged defects at the center of AA
regions. This finding suggests that it is possible to control
electronic phases of twisted bilayer graphene through defect
engineering. We also analyze the fate of the monolayer collapse
state in twisted bilayer graphene and find that the monolayer
collapse states hybridize with an associated energy splitting at the
l-point of the moiré Brillouin zone, but remain highly localized in
the in-plane directions. Despite their localized character, the
collapse state does not induce a peak in the local density of states
as a result of the significant dispersion of this state throughout the
Brillouin zone. These predictions can be tested in scanning
tunneling microscopy and spectroscopy experiments.

Published in partnership with FCT NOVA with the support of E-MRS

METHODS
Atomistic modeling and tight-binding approach

We studied graphene supercells and commensurate tBLG moiré
unit cells containing a single charged defect modeled as a point
charge. Because of periodic boundary conditions, this means that
a periodic superlattice of charged defects is formed. The moiré
unit cells were constructed by rotating the top graphene sheet of
an AA-stacked bilayer anticlockwise around an axis perpendicular
to the graphene sheets that intersects a carbon atom in each
layer. The moiré lattice vectors (t;,t,) of tBLG are given by
t, = na; + may; t, = —ma; + (n+ m)ay, where a; =
a/2(V3,-1) and a;=a/2(v/3,1) are the graphene lattice
vectors (with a=2.46 A denoting the graphene lattice constant)
and n and m are integers. To describe atomic relaxations in tBLG®?,

we employ the approximation from refs. 30315563 where the
interlayer distance d is expressed as
3
d(8) = do + 2d, ) _ cos(a; - 6), )
=
where as; = —a; —a, and 8 denotes in-plane atomic position

relative to the center of the AA region. Moreover, dy = 1/3(dan +
2dpg) and dy = 1/9(dan — 2das) with dag=3.35A being the

npj 2D Materials and Applications (2023) 49
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Fig. 5 The electronic band structure and square modulus of the wavefunction of twisted bilayer graphene for different values of
interlayer hopping. (Top panel) a-d Evolution of the electronic band structure of twisted bilayer graphene (twist angle of 1.54°) with an
intercalated charged defect (G = —0.30) at the AA region as the interlayer hopping (described by V5, which is multiplied by a scaling factor a
ranging from 0 to 1) is turned on. (Bottom panels) The square modulus of the wavefunctions enclosed in the circle indicated in the top panel.
Note that the square modulus of all the degenerate states in each circle are summed up. Green circles denote localized collapse states and

orange circles denote delocalized states of remote bands.

interlayer distance in the AB-stacked regions and daa=3.60 A
being the maximum interlayer spacing in AA regions.

To calculate the electronic structure, we employed an atomistic
tight-binding approach®*. The tight-binding Hamiltonian is given
by

H=> &ele;+ > tir—n)elg+hc, 2
i i

where ¢; denotes the on-site energy of the p,-orbital on atom jand

E,T(E,.) creates (annihilates) an electron in this orbital. Here, the spin

label is left implicit. The hopping parameter between atoms i and j
is denoted by t(r,—r;) and is given by the Slater-Koster

npj 2D Materials and Applications (2023) 49

approximation®®

. 2 . 2
t6) = Virolr) (") +vppn<r>(1 - %] > o
Where Vo (r) = V3o x9{4,(1 ~ ££)10(Rc ~ ) and Vipn(r) =

Vlf;p,T exp{qg,( —%‘)}O(RC — |r]). The parametersﬂ we used are as
follows: Vgpg =0.48eV, Vppr = —2.7 eV, a = 1.42 A (carbon-carbon

bond length), g, =7.43 and g, = 3.143%3', Hopping parameters
between carbon atoms whose distance is larger than the cutoff
R. =10 A were neglected®®.
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Fig. 6 Electronic band structures and local density of states of
twisted bilayer graphene for different values of defect charge at
the AA region. The local densities of states (LDOS) for tBLG with
1.54° twist angle for effective charges of 0.0, —0.10 and —0.30,
intercalated at the AA region. The LDOS is calculated at a distance
2.93 nm away from the defect using 31 x 31 x 1 regular k-grid. The
zero of energy is referenced to the energy of the Dirac point.

The on-site energy of an electron in a p,-orbital in the presence
of a charged defect with charge g is given by
eq

. S 4
477€o|l’,'*l’0|7 ( )

& =
where r; is the position of atom j, ry is the location of the charged
defect, g = q/¢ is the effective (screened) charge of the defect and
e is the proton charge. Here, we assume that the potential created
by the defect is Coulomb-like, with all screening processes (both
external and internal) being captured through an effective
dielectric constant ¢. The typical value of ¢ for tBLG encapsulated
in h-BN sheets is ~10°7%7. A more rigorous approach would be to
calculate the screened defect potential using the random phase
approximation (RPA)>” or to use a screened interaction that
models the presence of metallic gates®’5,
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