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Within a tight-binding approach, we investigate the effect of twisting angle on the energy levels of circular
bilayer graphene (BLG) quantum dots (QDs) in both the absence and presence of a perpendicular magnetic field.
The QDs are defined by an infinite-mass potential, so that the specific edge effects are not present. In the absence
of magnetic field (or when the magnetic length is larger than the moiré length), we show that the low-energy
states in twisted BLG QDs are completely affected by the formation of moiré patterns, with a strong localization
at AA-stacked regions. When magnetic field increases, the energy gap of an untwisted BLG QD closes with
the edge states, localized at the boundaries between the AA- and AB-stacked spots in a twisted BLG QD. Our
observation of the spatial localization of the electrons in twisted BLG QDs can be experimentally probed by

low-bias scanning tunneling microscopy measurements.
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I. INTRODUCTION

Over the past year, twisted bilayer graphene (tBLG), i.e.,
BLG with relative twist between its two coupled graphene
layers, has been the subject of intensive theoretical and ex-
perimental research works. The main interest results from the
new discovery of superconductivity and correlated insulat-
ing phases in tBLG at a so-called magic twist angle [1-3].
It is fascinating that with a small twist angle between the
two layers of BLG, the electronic and transport properties
of the system undergo profound changes. In this paper, we
aim to investigate the effect of twisting angle on the energy
levels of a circular quantum dot (QD) in tBLG. QDs have
been studied extensively in different two-dimensional (2D)
materials, i.e., monolayer, bilayer, and few-layer graphene
[4-20], transition-metal dichalcogenides [21-23], hexagonal
boron nitride [24,25], phosphorene [26,27], etc.

Among QDs in 2D materials, graphene-based QDs
(geometry- or gate-induced) with desirable properties for
applications have received particular interest [4—20,28—44].
The studies show that the electronic and optical properties
of graphene QDs can be tuned by size, shape, edge type,
and electrostatic gating; see, e.g., Refs. [4,5,10,16,20,33—
35,39,42,43]. Interesting properties, such as the gap opening
[11,33,34,43], the appearance of degenerate zero-energy edge
states [4,10], magnetic and ferromagnetic ordering [10,29],
long-spin relaxation time [10], and realization of tunable
multidot systems [44], have been reported in these studies.

The electronic properties of untwisted AB- or AA-
stacked BLG QDs have been studied both theoretically
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[11,16,38,41,42] and experimentally [15,17]. In a tBLG QD,
the twist angle can be used as a new knob to tune the
electronic properties of the system. The energy levels and
optical properties of small tBLG flakes were recently studied
in Ref. [45] at zero magnetic field. In this study, the ob-
tained energy levels are highly influenced by the edge effects
of the flakes. The electronic [46—48] and transport [49,50]
properties of tBLG nanoribbons have also been investigated,
in which the transport properties of the low-energy regime
were determined by the interplay between the moiré€ pattern
and the tBLG edges [49]. Another study was devoted to the
investigation of the electronic properties of tBLG flakes with
irregular shapes [51]. It was shown that the presence of one
complete moiré spot in a tBLG flake is sufficient to reproduce
the density of states of the corresponding tBLG sheet.

The purpose of this paper is to investigate the effect of
twisting angle on the energy levels of circular tBLG QDs,
which are completely distinct structures from the AB- or AA-
stacked BLG QDs (Fig. 2). To eliminate the effect of edges,
we define a circular tBLG QD surrounded by a staggered site-
dependent infinite-mass (IM) potential M, [Fig. 2(a)]. The
mass potential on the layers can be experimentally induced
by sandwiching the tBLG sheet between the top and bottom
substrates such that the A and B sublattices in each graphene
sheet feel a different potential [52].

Using the tight-binding model (TBM), we obtain the en-
ergy spectra of tBLG QDs in both the absence and presence
of an external magnetic field, and we demonstrate the effect of
twisting on the energy levels. In Sec. II we briefly recapitulate
the geometry of a tBLG lattice. The proposed QD structure in
tBLG, and the basics of our numerical method, are presented
in Sec. III. In Secs. IV and V, we present our results for the
energy levels and confined states in the absence and presence
of a perpendicular magnetic field, respectively. A summary
and concluding remarks follow in Sec. VL.

©2020 American Physical Society


https://orcid.org/0000-0001-9002-1697
https://orcid.org/0000-0003-3507-8951
https://orcid.org/0000-0002-0884-0958
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.101.075413&domain=pdf&date_stamp=2020-02-11
https://doi.org/10.1103/PhysRevB.101.075413

MIRZAKHANI, PEETERS, AND ZARENIA

PHYSICAL REVIEW B 101, 075413 (2020)

(c) 6=9.43° [(m,n)=(6,8)]

FIG. 1. Crystal structure of the tBLG with (a) 8, = 21.8°, (b) 657 = 5.09°, and (c) 665 = 9.43°. Layers 1 (Al, Bl) and 2 (A2, B2),
respectively, are represented by blue and red circles. The primitive lattice vectors of two layers are denoted by a; and &; (i = 1, 2). The vectors
L, and L, indicate the lattice vectors of periodic commensurate structure. The moiré superlattice period L, is shown with the dashed black

vectors in (b) and (c) panels.

II. ATOMIC STRUCTURE OF TWISTED
BILAYER GRAPHENE

In this section, we briefly review the atomic structure of
tBLG. One can find a more detailed and comprehensive study
of the tBLG system in Refs. [53-56]. Monolayer graphene
(MLG) is a 2D honeycomb lattice of carbon atoms, whose unit
cell contains two inequivalent sublattices, A and B. Twisted
BLG consists of two graphene layers that are twisted with
respect to each other by an angle 6. We define the honeycomb
lattice of graphene with the lattice vectors a; = a(4/3/2, 1/2)
and a, = a(y/3/2, —1/2), where a &~ 0.246 nm is the lattice
constant. In the lower layer (named layer 1), containing Al
and B1 sublattices, the lattice positions are given by

ry) = maj + naj,

ey
rz; = ma; + na, + 61, (m,n) € Z,
where §; = (a; + a,)/3 connects the nearest-neighbor site
inside the unit cell of the graphene lattice.

Here, we define the case of & = 0 as a perfect AA-stacked
BLG, in which each carbon atom in the second layer (with A2
and B2 sublattices) is vertically displaced by dy = 0.335 nm
(interlayer spacing) from the corresponding atoms in the first
graphene sheet. In tBLG, the top graphene layer is rotated
with respect to the lower layer by an angle 6 around a common
site, e.g., the A1-A2 position [Fig. 1(a)]. Accordingly, the
primitive lattice vectors of the rotated layer are given by
a4, = R(9)a; (i = 1, 2), and thus its atom positions are

ra = ma| + ndy, +doe,,

Ipy = mﬁl —+ 1’152 + d()ez + Sl» (2)

where R(6) is a 2 x 2 rotation matrix, e, is the unit vector
parallel to the z axis, and §; = (&; + @,)/3.

In general, the lattice structure of tBLG is not periodic
for any 6 (incommensurate structure). However, in certain
integers m and n, it is possible that the lattice vector of layer
1, na; + ma,, coincides with the lattice vector of layer 2,
ma; + nd;, and the structure becomes periodic (commensu-
rate structure). The superlattice structure is thus defined by

the lattice vectors [57]

L, = na; + ma, = ma, + na,,
L, = R(w/3)L;. 3

A commensurate twist angle with a periodic moiré pattern is
given by

1 m? 4+ n® 4+ 4mn

cos(Onn) = 5—F5—>5———» 4)

2 m?>+n*+mn
and the lattice constant of the (commensurate) superlattice
Lm,n - |L1| - |L2| is

|m — nla

Lp,=aym*+n?2+mn=——— 5)

"~ 2sin(6/2)°

The label (m, n) is used as a representative of a corresponding
commensurate twist angle given by Eq. (4).

For twist angles 6 < 15° [58], due to the mismatch be-
tween the lattice vectors of the two layers, the moiré su-
perlattice period Ly = a/2sin(6/2) can be defined for any
commensurate or incommensurate 6 [55]. Notice that L, , =
|m — n|Ly. Obviously, the lattice constant of commensurate
superstructure L, , coincides with the moiré superlattice pe-
riod Ly when |m — n| = 1. Figures 1(b) and 1(c) illustrate
the atomic structure of tBLG when 657 = 5.09° (L¢7 =
Ly, |m—nl=1) and 055 = 9.43° (L g = 2Ly, |m —n| =
2), respectively. The electronic properties of tBLG depend on
these two lengths scales, L,, , and Ly [58,59].

III. INFINITE-MASS DEFINED CIRCULAR QUANTUM
DOTS IN TWISTED BILAYER GRAPHENE

As illustrated in Fig. 2, the QD is built from the two
perfectly flat MLG QDs with the same shape, size, and edge
boundaries in which the second MLG QD (top) is rotated by
an angle 6 around the geometry center of the dot. When 6 = 0,
the system is a perfect AA-stacked BLG QD. The interlayer
spacing is dy.

We consider a circular tBLG dot region with radius R,
surrounded by a site-dependent staggered potential with My =
2.0 eV [Fig. 2(a)], such that the atoms belonging to the sublat-
tices Al (A2) and B1 (B2) have a mass-term potential of +M
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FIG. 2. (a) Schematic geometry of the circular tBLG dot of
radius R defined by infinite-mass potential boundary. The atoms
of the two layers are represented by blue (layer 1) and red (layer
2) circles. The dot can be considered as two layers of a circular
MLG dot (b), where the layers are stacked rotationally. The dot
region is surrounded by a site-dependent staggered potential (yellow
region), where the atoms belonging to the sublattices A1 (A2) and
B1 (B2) have mass-term potentials of +M, (—My) and —M, (+M,),
respectively.

(—=My) and —My (+M,), respectively. The staggered potential
eliminates the specific edge effects, e.g., the appearance of the
zero-mode states due to the zigzag edges.

We use a single-orbital TBM for p, atomic orbital of
carbon, as introduced by Wallace [60]. The TBM Hamiltonian
in a second quantization formalism can be written as

H=> (e +Mcfci— Y t(dij)c]c; + He.,  (6)

(i,)

where c} and c; are, respectively, the creation and annihilation
operators for an electron on the lattice site i with on-site
energy ¢; and mass-term potential M;. In the second term,
d;; = R; — R; is the distance between the lattice points (R;,
R)), t(d;;) is the corresponding transfer integral, and (i, j)
indicates a summation over nearest-neighbor sites. In terms of
the Slater-Koster form, the transfer integral between the atoms
i and j can be written as [55,61-65]

d-e.\’ d-e\’
st =1 (25 T (25’
J PPT[[ dt] pp dt]

0 dij — dcc :
Vopr = Vpprr exp| — T , 7)

di; — do\’
Viopor = V]?P” P < - jT) ’

where a.. = a/ /3 ~ 0.142 nm is the carbon-carbon distance
of graphene and 6y = 0.184a is the decay length. V[?pﬂ ~
—2.7eV and Vpopg ~ (0.48 eV are the intralayer and interlayer
nearest-neighbor hopping parameters, respectively. For the
intralayer coupling, we include only the nearest-neighbor
hopping parameter. But for the interlayer coupling, since
the layers are rotated and the neighbors are not on top of
each other, we take the interlayer coupling terms for atomic
distances of d;; < 4ac. [55]. As aresult of mixing between the
two sublattices, the electron-hole (e-4) symmetry is broken.

In the presence of a magnetic field, the transfer energy
becomes (d;;) — #(d;;)e™" i, where
1 &
q)ij = — A(l’) -dr (8)
Dy Jr,
is the Peierls phase [66], with &y = h/e the magnetic flux
quantum and A(r) the vector potential. The vector potential
corresponding to the external magnetic field B = Be, perpen-
dicular to the tBLG flakes is chosen in the Landau gauge
A = (0, Bx, 0) for which one finds that ®;; is only nonzero
XX
(2/\/344) % ’
where ® = +/3a*B/2 is the magnetic flux threading one car-
bon hexagon (a is the graphene lattice constant).
We also calculate the electron and hole current from site j
into site i using [50,51,67]

2e *
I = n Im Z Hiy, jy iv Py ®
124

in the y-direction and is given by ®;; = sgn(y; — y;)

where H;,, j,+ are the TB Hamiltonian matrix elements, {¢;, }
are the quantum states on the lattice sites, and y is the orbital
index. The total current at each site i can be obtained using

I = leif'ij, (10)
J
where £;; is the unit vector pointing from site i to site j.

IV. ENERGY LEVELS: ZERO MAGNETIC FIELD

In the absence of any external magnetic field, we first
consider the energy spectrum of a circular tBLG QD as a
function of the twist angle 6 at a fixed radius R. Figure 3(a)
shows the results for R = 4.81 nm. Due to the mass-potential
confinement, the QDs exhibit an energy gap between the
electron and hole states irrespective of the twist angle. For
10° < 6 < 50° the interlayer hoppings are weak, the two lay-
ers become effectively decoupled, and thus the energy levels

(a) (b)

o

FIG. 3. (a) Energy levels of a circular tBLG QD, of radius
R =4.81 nm, as a function of twist angle 6. The angles 6 = 0°
and 60°, respectively, correspond to the AA- and AB-stacked BLG
QDs. (b) The minimum-energy states of the first lowest-electron
energy (at 6 < 10°) for different dot radii. Each case is marked by
the corresponding dot radius R. The red-marked points correspond
to the dots with the radius of R=1L,,, (R=2.77nm =~ Ls7, R =
3.62 nm ~ Lgyg).
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(b) 6=1.08° (c)

9=1.53"

(d) 6=5.09°

(e) 6=32.20°

FIG. 4. Probability densities corresponding to the four lowest-electron-energy levels shown in the energy spectrum of Fig. 3 with R = 4.81
nm. The results are presented for five different twisting angles (a) & = 0° (AA stacking), (b) & = 1.08° (magic angle), (¢) 0 = 1.53°,(d) 657 =
5.09°, and (e) 0, 3 = 32.20°. Layer 1 (2) is represented by the blue (red) color, and the yellow region indicates the mass potential barrier.

are nearly independent of 6 at this range. At & = 0° and 60°,
the tBLG structure turns into a prefect AA- and AB-stacked
BLG QD, respectively (see the corresponding energy spectra
in Refs. [39,42]). At6 < 10° and 6 = 50°, the formation of
moiré patterns with well-defined AA and AB-stacked spots
(see Fig. 1) modifies the spectrum, and a minimum energy
gap appears at 8 ~ 1.53° and 6 ~ 58.2°. Figure 3(b) shows
the minimum energies of the first lowest-electron state (at 6 <
10°) for different QD sizes (labels indicate the corresponding
dot radius R = 1.1-7.5 nm). We observe that the minimum
energy occurs at smaller angles when the dot radius increases.
When R ~ L,, ,, the minimum energy appears at 6 < 1° [see
the red points in Fig. 3(b) for R =2.77nm ~ L¢7 and R =
3.62 nm ~ Lg’g].

To better understand this, we define the spatial distribution
of the probability densities corresponding to the N lowest-
electron-energy states as

pen = Y |WEm|,

€;eN

Y

where £ (r) = [¢24(ry), ¢B(ry)]" denotes the quantum state
of the two layers (£ = 1, 2) with energy ¢;. The components
¢ (ry) (s =1,2,...,Ny) and ¢B%(ry) (s' = 1,2, ..., Npy)
correspond to the different sublattices A¢ and B¢ in each layer,
respectively.

(c) 8=5.0

(a) 6=0° (AA stacking) (b) 6=1.08° (Magic angle)

9° [(m,n)=(6,7)]

In Figs. 4(a)-4(e), we show p, n for the four lowest-energy
states (N = 4) shown in the spectrum of Fig. 3 at different
twist angles (as labeled). In the case of 6 = 0 (AA-stacked
BLG QD), the lowest-energy state is fourfold degenerate
(two for layer and two for valley degeneracy), for which the
electrons are equally distributed in both layers [Fig. 4(a)].
As 6 increases, the moiré lengths becomes smaller, and well-
defined AA- and AB-stacked regions start to form in the QD
area. At 6 = 1.53° (the angle at which the minimum energy
of the lowest-electron energy occurs), the centrally confined
AA-stacked region, which is induced by the mass poten-
tial, hybridizes with the moiré-pattern-induced AA-stacked
confined regions at the edge of the QD [Fig. 4(c)]. This
decreases the energy gap slightly. As 6 increases (moiré
length decreases), the AA-stacked regions form inside the QD
[Fig. 4(d)], a stronger hybridization occurs, and therefore the
energy increases. We note that in a pristine tBLG sheet, the
states near the Dirac points also localize in the AA-stacked
spots of the moiré pattern [62,68]. The semiclassical treatment
of one-dimensional strained moiré in BLG [69] shows that the
energies near the Dirac point are trapped in a semiclassical
potential centered at the AA spots, and the electron local-
ization is driven by this potential. Although the existence of
such moiré potential wells in the AA regions of the tBLG
structure has been discussed in Refs. [51,68,70], a systematic

(d) 6 =32.20° [(m,n)=(1,3)

(e) 6=60° (AB stacking)

0.6

0.4

0.2

F3 5w

Pt D

E (eV)

56 7 8 1

2 3 456 78 1

R (nm)

FIG. 5. Lowest-energy levels as a function of dot radius R for infinite-mass defined dot in the absence of a magnetic field. The results are
plotted for five different twist angles: (a) & = 0 (AA stacking), (b) & = 1.08° (magic angle), (c) 67 = 5.09°, (d) 0, 3 = 32.20°, and (e) 6 = 60°
(AB stacking). In each case, the red solid curves show the power-law dependence ~aR” for the lowest electron energies up to € < 0.17 eV.
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FIG. 6. (a), (b) Energy spectrum of a circular tBLG QD, of radius R = 4.81 nm, as a function of the magnetic flux ® (in units of ®,) for
(a) & = 0 and (b) a twist angle of 67 = 5.09°. The dashed green lines indicate the y. = 0.37 eV, which is the average interlayer coupling
between the interacting adjacent atoms of two layers. (c),(d) Probability densities corresponding to the energy windows marked by N; and N,
in panel (b) at ® = 0.02%( (B ~ 1578 T, Iy = 0.66 nm < Ls 7 = 2.77 nm). Layer 1 (2) is represented by the blue (red) color, and the yellow

region indicates the mass potential barrier.

study (e.g., providing a semiclassical approach similar to the
one in Ref. [69]) is needed to rigorously show this existence.
On the other hand, for large twist angles, the period of the
commensurate structure is too small to create well-defined
AA- and AB-stacked regions and the system behaves as two
decoupled monolayers [see Fig. 4(e) for 6 = 32.20°]. We have
observed similar patterns for different QD sizes (including a
dot with only a single moiré spot, i.e., R = L, ).

Figure 5 shows the energy levels as a function of the dot
radius R for the five different twist angles (a) 6 = 0° (AA-
stacked BLG QD), (b) 6 = 1.08° (magic angle), (c) 667 =
5.09°, (d) 6,3 = 32.20°, and (e) & = 60° (AB-stacked BLG
QD). The low-energy levels exhibit a power-law decay as
functions of R and strongly depend on the twisting angle 6.
The red solid curves show power-law fits (up to € < 0.17 eV)
to the lowest-electron energy level. The AA- and AB-stacked
QDs [Figs. 5(a) and 5(e)] exhibit an ~1/R and ~1/R"% de-
pendence, respectively. These dependencies can be explained
by the linear and quadratic low-energy dispersion in AA- and
AB-stacked BLG sheets. A remarkable difference is seen at
the magic twist angle 8 = 1.08° [Fig. 5(b)], for which the
energy gap between the electron and hole states closes rapidly
when the dot radius increases. The lowest electron energy in
this case shows an ~1/R>!! dependence. This behavior can be
linked to the band flattening of the lowest moiré band at magic
twist angles [53,54,71]. At 6; 3 = 32.20° we found that the
interlayer coupling becomes extremely weak, the two layers
are decoupled, and therefore the corresponding spectrum in
Fig. 5(d) exhibits two copies of a monolayer graphene QD
spectrum. This statement can also be confirmed through the
localization of the charge density shown in Fig. 4(e) for 6, 3 =
32.20°. QOur fittings for the twisting angles 6 7 = 5.09° and
013 = 32.20° show an ~1/R dependence.

V. LANDAU LEVELS

Here, we investigate the effect of a perpendicular magnetic
field on the energy levels of tBLG QDs. As pointed out
in Sec. IV, at large twist angles, a tBLG QD behaves as
two decoupled monolayer QDs. Accordingly, we present our
results for the small twist angle 8¢ 7 = 5.09° and compare with
the case of an untwisted AA-stacked BLG QD (6 = 0).

Figure 6 shows the magnetic levels, i.e., the so-called Fock-
Darwin levels, of a circular tBLG QD with R = 4.81 nm, as
functions of the magnetic flux threading one carbon hexagon
® (in the units of &) for (a) 6 =0 (untwisted) and (b)
06,7 = 5.09°. The Landau levels (LLs) in an AA-stacked
BLG QD [0 = 0, Fig. 6(a)] exhibit a band gap between the
electron and hole levels for the whole range of magnetic
field. As magnetic field increases, the discrete low-energy
levels approach asymptotically the LLs of an AA-stacked
BLG sheet for which the zeroth electron (hole) LLs are
ef ) = y. &~ +0.37 eV, where y. is the average interlayer
coupling between the neighboring atoms (with cutoff 4a.)
[72]. Figure 6(b) shows the LLs of a tBLG QD with the twist
angle 67 = 5.09°. A small twisting significantly affects the
magnetic levels in tBLG QDs. As B increases, the energy
gap closes and the lowest magnetic levels spread out between
the electron and hole zeroth LLs of a pristine tBLG, which
are different from those of AA- or AB-stacked BLG [73].
These are edge states, localized at the boundaries between
the AA- and AB-stacked regions. Figure 6(c) shows the
corresponding density distribution py; at ® = 0.02® (I =
Jhj/eB =0.66 nm < Lg7 = 2.77 nm), where we summed
over the energies with |ey;| < 0.15 eV. For the energy range
of 0.15eV < |enz| < 0.24 eV, farther from €z, one can see
that the carrier is mostly localized at the AA spots of the moiré
pattern, Fig. 6(d). Approaching the tBLG LLs, as a result of
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(b)

Layer 2

Interlayer ]
) y ] x10° (uA)

FIG. 7. Electron current density profile for a tBLG QD of radius R = 4.81 nm and with the twist angle of 6c7 = 5.09° (L7 = 2.77 nm).
The upper (lower) panel shows the result for B =40 T (B =200 T) for which /5 =4.06 nm > L¢7 (I[z = 1.81 nm < Lg 7). Panels (a),
(d) and (b), (e), respectively, show the in-plane current vectors in layers 1 and 2, corresponding to the first two electron states shown in the
energy spectrum of Fig. 6(b). (¢), (f) Corresponding perpendicular interlayer current flowing between the dot layers. Light and dark regions,

respectively, indicate the current directions out of and into the dot plane.

coupling between the moiré-lattice- and the magnetic-field-
induced states, anticrossings appear in the spectrum.

Note that, at the low magnetic fields, for which the mag-
netic length /5 is greater than the moiré length L,, ,, the results
(not shown here) are very similar to the case B = 0 (Sec. IV).
‘We also note that, since we have considered the small sizes of
the dots, the applied magnetic field in our calculations is too
high to be achievable in experiments. However, in QDs, one
can define a scaling factor and thus extend the results to lower
B and larger QD sizes [74]. By setting the dot size R equal to
the cyclotron radius at the Fermi energy, i.e., R = ll%kp, and
using E ~ :I:V?UJ =+ hvpkp for the low-energy dispersion of
the AA-stacked BLG, one can obtain kr and consequently the
scaling factor with respect to the magnetic field and size of the
confinement area as R = (E + pra )/(evpB). For the typical

values of E V) = 1eV, vy = 10°m/s, and B =20 T, we
obtain R = 50 nm.

Finally, we consider the electron current of tBLG QD using
Egs. (9) and (10). The in-plane (interlayer) current at site i is
defined as the sum of all outgoing current vectors from site
i to other sites (to all sites in the other layer) [51]. In Fig. 7,
we plot the current densities for a dot of radius R = 4.81 nm
and the twist angle of 6g7 = 5.09° (Lg7 = 2.77 nm). The
results are shown for two different magnetic fields (upper
panel) ® = 0.0005®y (B =40 T, Iz =4.06 nm > L¢7) and
(lower panel) ® = 0.0025 ®y (B=200 T, Iz = 1.81 nm <
L 7). Panels (a),(d) and (b),(e), respectively, show the in-plane
current vectors in layers 1 and 2, summed over the first two
electron states shown in the energy spectrum of Fig. 6(b).
Corresponding interlayer currents are displayed in panels (c)
and (f). As seen, irrespective of the ratio between /z and L, ,,
the current densities are affected by the moiré pattern. In both
cases, the interlayer current flows from layer 1 into layer 2

through the AA spots (light regions) and back through the
AB spots (dark-blue regions). A similar effect was observed
for other tBLG nanostructures [50,51]. As can be seen in
Figs. 7(a) and 7(b), when Ip > L, ,, the in-plane current
components, with anticlockwise motion in both layers, flow
toward the central AA spot in layer 1, and outward in layer
2. The central AA and its neighboring AB spots have the
highest interlayer current density [Fig. 7(c)] and the lowest
in-plane current density [Fig. 7(a,b)]. At a high magnetic field
(Ip < L), one can obviously observe the increase of the
interlayer current [cf. Figs. 7(c) and 7(f)]. On the other hand,
the in-plane current components in each layer flow in opposite
directions between the adjacent source and sink regions of the
interlayer current; see Figs. 7(d) and 7(e).

VI. SUMMARY AND CONCLUDING REMARKS

In summary, using a tight-binding model we studied
the electronic properties of circular QDs in twisted bilayer
graphene defined by the infinite-mass boundary condition, and
we investigated the effect of twisting angle on the energy
levels and the corresponding density distributions in the ab-
sence and presence of a perpendicular magnetic field B. In the
absence of a magnetic field, or when the magnetic length is
greater than the moiré length (/g > L, ,), the low-energy lev-
els are affected by the formation of a moiré pattern where the
carriers confine at the AA-stacked regions. We found that, due
to the hybridization between the mass-induced confinement
and the AA-stacked localized states, the energy spectrum
changes for small twist angels 6 < 10°. In the presence of
a strong magnetic field where lp < L,, ,, the energy gap of
the untwisted QDs (8 = 0) closes and the lowest LLs spread
out over the gap, and they are associated with the edge states
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localized at the boundaries between the AA- and AB-stacked
regions.

Electron current investigation also showed that, irrespec-
tive of the ratio between the magnetic and moiré lengths, an
applied perpendicular magnetic field causes interlayer charge
flow between the dot layers, forming source and sink regions
of the interlayer current at the AA and AB spots over the dot
region. On the other hand, the in-plane current density profile

exhibits a different pattern depending on the ratio between the
magnetic and moiré length scales.
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