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Energy levels of hybrid monolayer-bilayer graphene quantum dots
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Often real samples of graphene consist of islands of both monolayer and bilayer graphene. Bound states in such
hybrid quantum dots are investigated for (i) a circular single-layer graphene quantum dot surrounded by an infinite
bilayer graphene sheet and (ii) a circular bilayer graphene quantum dot surrounded by an infinite single-layer
graphene. Using the continuum model and applying zigzag boundary conditions at the single-layer—bilayer
graphene interface, we obtain analytical results for the energy levels and the corresponding wave spinors. Their
dependence on perpendicular magnetic and electric fields are studied for both types of quantum dots. The energy
levels exhibit characteristics of interface states, and we find anticrossings and closing of the energy gap in the

presence of a bias potential.
DOI: 10.1103/PhysRevB.93.165410

I. INTRODUCTION

Quantum dots (QDs) in both single-layer and bilayer
graphene have been the subject of intensive research during the
last few years, owning to their unique electronic and optical
properties [1-14]. Single-layer graphene (SLG) QDs are small
flakes cut out from graphene in which carrier confinement is
due to the quantum size effect. The electronic and optical
properties of such QDs depend on the shape and edges of the
dot. For example, in the presence of zigzag edges, the energy
spectrum of SLG QDs exhibits zero-energy levels, while with
armchair edges the spectrum displays an energy gap [2,8,16].
Electrostatic confinement of electrons in integrable graphene
QDs was also proposed in which the effect of edges is no
longer important [15].

Bilayer graphene (BLG) consists of two van der Waals
(vdW) coupled layers of SLG and has a gapless and parabolic-
like spectrum at low energies [17]. Unlike SLG, an external
electric field, realized by external gate potentials, can induce a
tunable band gap in the energy spectrum of BLG. Engendering
this gap using nanostructured gates led to the realization of
electrostatic defined BLG QDs [5,18]. In such BLG QDs, the
confinement is due to the electrostatic potentials and therefore
the effect of edges are no longer important. Such QDs were
recently realized by two different experimental groups [19,20].

Most graphene samples exfoliated from graphite consist
of islands of one or few layers of graphene [21-23]. In these
samples, the influence of junctions between different graphene
regions play a significant role in their transport and electronic
properties. It was shown that SLG-BLG hybrid systems exhibit
unusual transport properties due to the different quantum
Hall (QH) states in the SLG and BLG regions [24]. An
unconventional Landau quantization was recently observed at
the interface of such hybrid systems [25]. The Landau levels
of an infinite SLG-BLG system were theoretically studied
for both zigzag and armchair boundary conditions at the 1D
interface [26].
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Here, we investigate a very different geometry and demon-
strate that carriers can be confined in SLG and BLG islands
in a hybrid QD-like structure made of SLG-BLG junctions.
This novel type of QDs can be realized by the (accidental)
nanostructuring of one of the graphene layers in bilayer
graphene. For convenience, we will restrict ourselves to
circular QDs. This will allow us to present analytical results,
which we will compare with a pure numerical approach. We
propose the following two types of hybrid QDs: SLG-infinite
BLG—acircular SLG QD surrounded by an infinite BLG sheet
[see Fig. 1(a)] and BLG-infinite SLG—a circular BLG QD
surrounded by an infinite SLG sheet [see Fig. 1(b)].

Taking the circular geometry with radius R for the QDs,
we employ the continuum model, i.e., solving the Dirac-Weyl
equation, and obtain analytical results for the energy levels
and corresponding wave functions. We study the effect of both
perpendicular electric and magnetic fields on the energy levels.
For zero-magnetic field, we demonstrate that SLG-infinite
BLG, in contrast to the BLG-infinite SLG QD, exhibit confined
states in the presence of an external electric field. If such a
circular QD is cut out of BLG, one will have both armchair
and zigzag edges. However, in order to obtain analytical
results for the energy levels and to observe features brought
by the zigzag edges in the spectrum, we will implement the
zigzag boundary condition at the SLG-BLG junction in our
continuum approach. Breaking the inversion symmetry due to
the interface and breaking the time reversal symmetry with
a magnetic field, the two Dirac valleys K and K’, should be
studied separately.

The paper is organized as follows. In Sec. II, we consider
SLG-infinite BLG QDs in the (A) absence and (B) presence
of a perpendicular magnetic field. In both cases, the effect
of an external electric field is studied. Section III concerns
numerical results for BLG-infinite SLG QDs. We conclude
the manuscript in Sec. IV.

II. SLG-INFINITE BLG QUANTUM DOTS

A. Zero magnetic field

First, we investigate the energy levels of a circular SLG QD
embedded in infinite BLG [see Fig. 1(a)]. This system can be

©2016 American Physical Society
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FIG. 1. Schematic pictures of the proposed circular SLG-BLG
hybrid QDs with radius R. (a) SLG-infinite BLG QD: circular SLG
dot surrounded by an infinite BLG. (b) BLG-infinite SLG QD: circular
BLG dot surrounded by an infinite SLG. The upper pictures show a
side view of the systems.

considered as an infinite BLG sheet where a circle of radius R
is cut out from its upper graphene layer. So we assume that one
layer of BLG, containing A1 and B1 sublattices, seamlessly
continues to the SLG with A and B sublattices, while the other
graphene layer composed of A2 and B2 sublattices is sharply
cut at the boundary r = R.

We obtain the corresponding Hamiltonian in both SLG and
BLGregions and by implementing zigzag boundary conditions
to one of the graphene layers at the SLG-BLG interface, we
calculate the energy levels. The dynamics of carriers in the
honeycomb lattice of covalent-bond carbon atoms of single
layer graphene can be described by the following Hamiltonian,
which in zero magnetic field is given by [27]

H=vrp-o+ UL ey

where vr ~ 10° m/s is the Fermi velocity, p = (p.,p,) is
the two-dimensional momentum operator, o denotes the Pauli
matrices, and U is the potential applied to SLG. We assume
that the carriers are confined in a circular area of radius R,
with zigzag boundary. In polar coordinates and dimensionless
units, the Hamiltonian (1) reduces to the form

_ (1 Ty
H= (n_ ul), @)
with the momentum operator
; d iT 9
Ty = —iei”"’|:— + E—], 3)
ap  p

where the dimensionless variables are p =r/R and u; =
U R/hvg. r and ¢ are the radial and azimuthal coordinates
of the cylindrical coordinate system, respectively. The two
valleys are labeled by the quantum number t, whichis 7 = +1
for the K valley and T = —1 for the K’ valley.

The Schrodinger equation becomes

HY(p.p) = e¥(p.9), “

where the carrier energy E, is written in dimensionless units
as ¢ = ER/hvp. The two-component wave function has the
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form [28]
T im ¢T (10)
— 2 rA
\IJ (pa(p)_e (l'elftp(p‘ltg(p) ’ (5)
where m = 0,£1,42,... denotes the angular momentum

label. The components ¢4 and ¢p correspond to different
sublattices A and B, respectively. Solving Eq. (4), the radial
dependence of the spinor components is described by

d mt—1] . T
[ o = e~ uwion
d Tm T T
[% + 7i|¢)A(,0) = —(e —upz(p). (6)

Decoupling the above equations, we arrive at the Bessel
differential equation for ¢3:
d*¢i(p) | dey(p) .

P’ d/jz +p f; + (e —u1)*p* = m*1p(p) = 0,

(N

with the solution

¢4(p) = C" Jn(ap), ®)

where a = ¢ — u; and C7 is the normalization constant. The
second component of the wave function can be obtained from
Eq. (6) as

$5(0) = —TC7 Jy_r(ap). ©)

Thus the wave function becomes

C*Ju(ap) ) (10)

T __ imep .
Ui (p,p)=e <ie”“’rCTJm+r(ap)

The BLG region can be described in terms of four
sublattices, labeled A1, B1, for the lower layer and A2, B2, for
the upper layer [see Fig. 1(a)]. The A1 and B2 sites are coupled
via a nearest-neighbor interlayer hopping term ¢ ~ 0.4 eV. The
BLG Hamiltonian in the vicinity of the K point, is given by
(in dimensionless units) [18,29]

HE = HE + (Au/2)0,, (1)
with
Uuo T4 t 0
K _ |- Uugp 0 0
Ho=17v o w = | (12)
0 0 7w u

where t' = tR/hvp, ug = (u; +uz)/2, Au = uy — u,, and
uy» = U 2R/hvp, with U; and U, the potentials at the two
layers. The operator o, is defined as

(1 0
%“=\o -1)

where I is the 2 x 2 identity matrix. The Hamiltonian at the
K’ point is obtained by interchanging 7, and 7_ in Eq. (12).

The eigenstates of Hamiltonian (11) are four-component
spinors [30]

13)

o5 (e
i$5, (p)eln e
Ph(p)e™
i (pel e

X (p,p) = : (14)
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where m is the angular momentum label. Solving the
Schrodinger equation, the radial dependence of the spinor
components are described by

d —17 ’
[% — mT_d)gl(p) = (¢ — 5)¢)§1(p) —1 ¢§21
. -
[% + %_(pfl(p) = —(a — 8)¢§1(/0),
d +17] /
[% n mT_¢§2(p) = (@ + )65, (0) — 105, (p),
[i_ﬂ'¢K( )= —(a + )X () (15)
dpo  p ] B2lP) = e

where @ = ¢ — up and § = (u; — uy)/2. These equations can
be decoupled and we obtain for ¢X,:

d2
[W i
where the potential-dependent eigenvalues are

Yy = {_(az +82)Zl: [(az _ 52)t/2 +4a282]1/2}1/2.

1d 2
pdp %}%’fl(p) =vi¢hio).  (16)

a7

The differential equation (16) is the known modified Bessel
equation. Here we choose the modified Bessel function of the
second kind K,,(y+), as the appropriate solutions vanishing at
r — 00. Thus we have

o41(p) = CEK,u(vsp) + CX Kn(y-p).

Using Eqgs. (15), we obtain the other spinor components:

(18)

1
P51(p) = m[cf<7/+Km—1()/+P) + CS y-Ku—1(y-p)],

1
¢ (0) = m[cff (@ =8 + yHKu(y1p)

+CX (@ = 8 + y2) Kn(v-p)],

Par(p) = Clyil@ =8 + YD Kumi1(y1p)

@@=
+Cy_((@ = 8 + YD) Kni1(v-0)),

where C JK (j = 1,2) are the normalization constants. The wave
function for the K’ valley can be written as

Phi(p)e™
igf(p)e DY
Pha(p)e™
i¢,(p)e! "~

Solving the Schrodinger equation (4) for the K’ valley
and comparing with the differential equations (15), we find
(BX1. P81 052810 = Dh 052,81 0h))-

Now, we apply zigzag boundary conditions [26] at the SLG-
BLG interface. These conditions yield

19)

DX (p,p) = (20)

Vi(0,0) = D41(0,0)]p=1,
lyf;(p»(/)) = q>§;1(0,¢)|p:l,

0= D%, (0.9l p=1, 21
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where T = %1, distinguishes the boundary conditions for the
two valleys. The above conditions lead to a system of equations
from which we obtain the eigenvalues. For the K point, with
the help of the wave functions (10), (14), (18), and (18), we
arrive at

ck —dn(@  Ku(ys) Kn(y-)
ME[CE ) = [ i@ by Knoi(vy) b Ko (o)
CZK 0 C+ Km(V-F) Cc— Km(y—)
CK
x| CE | =o, (22)
cs

where by = y4/(a — 8) and ¢+ = ((a — 8)> + y2)/(a — 8)t'.
The corresponding calculations for the K’ point leads to

(€ —In(@) ey Ku(ro) e Ku(yo)
M* G = | —Jur1(@) dy Kni(yy) do Kpy1(y-)
C2 ' 0 Km(er) Km(V—)
cx
<|cK|=o, (23)
cx

where di. = c1y+/(a + 8). The nonzero eigenenergies are the
solutions of det |[MX| = 0 and det | MX'| = 0.

The zero-energy states can be investigated separately by
solving Egs. (6) and (15) inthe caseof ¢ = Oand U; = U, = 0.
Applying the boundary conditions (21), one finds zero-energy
states at the K (K’) valley only for m > 0 (m < 0).
Returning to the nonzero eigenenergies for the unbiased
case U; = U, =0, we find y. = (—&> £ +/£2t2)!/2 which
is pure imaginary when |¢| > ¢’. In the interval |e| < 1/, y;
is real while y_ is pure imaginary. Requiring det |[MX| =
det [MX'| =0, we find a continuum energy band with no
discrete levels and thus no confined states in the QD.

In the presence of bias, y; = y* when |e| < u;. For this
interval we can select the real (imaginary) part of the modified
Bessel functions K,,(y+) (K,,(y-)) as our solutions. Figure 2
shows the energy levels with the angular momenta m =
0,£1,42,43 as a function of the dot radius R, for the biased
potential U; = —U, = 0.1 eV. Anenergy gap appears between
the conduction and valence bands. Notice that the band gap is
given by [17] A, = |AU|t/\/AU? +t? (see the solid black
horizontal lines in Fig. 2), coming from the Mexican-hat
shaped low-energy dispersion in pristine BLG. For AU < t,
the band gap is A, ~ AU. For both valleys, the number of
energy levels increases, as the dot radius increases and the band
gap decreases to zero. In both cases, each set of energy levels
are approximately equally spaced for fixed m. The energy
spectrum corresponding to the K valley [Fig. 2(a)] exhibits the
symmetry Ex (m) = Ex(—m), which does not hold for the K’
valley levels. This is different from SLG [28] and BLG QD [5]
flakes in which the K and K’ energy levels are degenerate
at zero magnetic field. This difference is due to the zigzag
boundary condition applied to the SLG-BLG interface which
removes the layer symmetry and thus the valley symmetry in
BLG. The energy spectrum in Fig. 2(b) shows groups of energy
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FIG. 2. Energy levels of SLG-infinite BLG QD for m =
0,+1,£2,£3 as a function of the dot radius R, in the presence
of bias U = —U, = 0.1 eV at the (a) K and (b) K’ valleys. The
energy levels of the K valley (a) satisfy Ex(m)= Eg(—m). The
solid (dashed) curves are for m > 0 (m < 0).

levels with E ~ +A,/2 and m > 0. These levels correspond
to states that are mainly confined at the interface [see Fig. 3(c)].

Figures 3(a)-3(d) show the electron densities in each layer
corresponding to the points labeled by (1)-(4) in Figs. 2(a)
and 2(b). The energy levels at the K valley [see Figs. 3(a)
and 3(b) for the levels (1) and (2)] show that the confinement
is mostly in the SLG QD, while for the energy levels
corresponding to the K’ valley [see Figs. 3(c) and 3(d)] the
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FIG. 3. Probability density corresponding to the states indicated
by (1), (2), (3), and (4) in the energy spectrum of Fig. 2 for R = 30 nm.
Blue solid curves refer to layer 1, and red dashed curves denote
layer 2.
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carriers are confined in both SLG QD and at the SLG-BLG
interface. The set of energy levels with E ~ 4+A,/2 are
interface states that are predominantly confined along the
zigzag edge of the second layer with low density in the dot
area of the first layer [see Fig. 3(c)].

B. Nonzero magnetic field

In the presence of a perpendicular magnetic field B = Bé,,
one needs to replace the canonical momentum p by the gauge-
invariant kinetic momentum p + eA(r) in the Hamiltonians (2)
and (12). A(r) = (0,Br/2,0) is the vector potential in the
symmetric gauge. In the case of B # 0, it is more convenient
to use the magnetic length [z = +/i/eB as the unit of length,
facilitating the interpretation of our numerical results. This
results in the following dimensionless quantities, & = r/ V21 B
& = Elg/hvp, and u; = Uylg/hvp. In these units, 74 in
Egs. (2) and (12) takes the form

- .iirwl[aiiraq:'[éil

r=—ie"V— —F —— ;
V2008 & dg

and the radial Dirac-Weyl equation for the spinor components

of the wave function (5) becomes

(24)

1[0 (tm — 1) . .
E[£ T T TE](PB(S) = (e —ug,(é),
110 ™m . .
E[£ + e + T%'}f’A(%') = —(e —ugg§). (25)
After decoupling the above equations, we obtain
1/d> 1d m? €7 .,
(it ea ) v o S e

= (e — 11)’¢{(6).
Using the ansatz ¢} (§) = §‘m‘e’52/2f(§2), Eq. (26) yields the
confluent hypergeometric ordinary differential equation

~d? f(€) - df (&)
3 JE2 + (m| +1 —E)?

(26)

— %(Iml +m—14+1—(—u)?)fE) =0, (27)
where £ — &£2. The solutions are the confluent hypergeometric
functions of the first kind | F; (a,b,£?) with

a= %(|m|+m—r+1 —(a—ul)z), b=|m|+1. (28)
Then W} becomes
V(@) = CTe™EMe ™ Fi(a,b,g),  (29)

where C* is the normalization constant. The second compo-
nent of the wave function is extracted from the second equation
of Eq. (25):

i(m—1)p
V2(e — uy)

X |:2§a 1Fi(a+1,b+1,8%)

Wi(E,p) = —iCT Imlg=£/2

+ (""'% +(r— 1)5) 1F1<a,b,52)]. (30)

165410-4



ENERGY LEVELS OF HYBRID MONOLAYER-BILAYER ...

Using Egs. (4), (11), (12), (14), and (24) in the new
dimensionless units the radial dependence of the spinor
components in BLG are described by

Afd _m=D ]«
ﬁ_dé %_ $:|¢Bl(é)
= (o — )P} (&) — 1'p5,(6),
1 [d
SlE* ? + s}pf&(s) = —(@ — 5P ©),
1fd m+1 K
NARE + £ +§i|¢A2($)
= (a + 8P (E) — 9%, (6),
2L } 56 =—@+895©, 6D
«/i_dé £ $¢32$— (04 ¢A2§7
where o =¢—ug, §= W —uz)/2, uo=u;+uy/2,

uip = U zlg/hvp, € = Elg/hvr, and t' = tlg/hvp. U; and
U, are the potentials on the two different graphene layers.
These equations can be decoupled to obtain for ¢X,

[—%(j—; + é% - 'g) +m+ %}d»’ﬂ(é)
= y=(©)p4,(5), (32)

where
ye =0’ 4+ 8>+ [(a® — )1 + (1 — 2812 (33)

Using the ansatz ¢X (&) = &"le~7/2 £(£2), similar for the
SLG region, we arrive at the confluent hypergeometric or-
dinary differential equation with solutions N (a+,bt 2y and
U(ai,b,éz), where

az = 5(Im|+m+1—ys), b=|m|+L (34)

Now for the BLG region, we need to take the confluent
hypergeometric functions of the second kind U(a,b,x) which
decays exponentially for » — co. Then %, becomes

oK (&) = gMe 2 [CKU(ay,b,E%) + CKUa_,b,8)],
35)

where C j’( (j = 1,2) are the normalization constants. The other
spinor components of the wave function can be obtained using
Eq. (31) by inserting ¢X, and employing the properties of
the confluent hypergeometric function. The wave function
at the K’ point can be obtained from (¢X ¢k ¢& &) =
(@502, 41-951):

Applying the boundary conditions (21) for the K point at
the interface & = & = R/(\/EIB), we arrive at

Cck
Mgz ClK =0,
cy
where
mip mipp mp3

K
My, = my mn my |, (36)
ms3  m3 Mms3

PHYSICAL REVIEW B 93, 165410 (2016)

with the matrix elements
myy = — 1Fy(a;b;£g),
miy =U (ai.b.£y),
my3 = U(a,,b,élg),

my = |:2§Ralﬁl(a+1;b+1;51%)

E— U

+ M Fl(a;b;é]zg)il,
Er 1

1
My = m[zgww(@ + ;b + 1;£3)

_ ml+m) U(a+;b;s,%)},
£

1 2
may = —— | 2paU(a- + 1:b + 1:£)

—_ MU(a_;b;S,%)},
£r

m3; =0,

my =4&xay(ay + DU (ay +2,b + 2,&3)
+4[&z — Im| — 1]a; . U(as + 1,b + 1,&;)
+2[(a = 8)* — |m| — m]U (a.,b.€z),

my; =4&ga_(a_ + DU (a- +2,b + 2,&3)
+4[&z — Im| — 1]a_U(a- + 1,b + 1,&;)
+2[(« — 8)> — |m| — m]U (a—,b.R). (37)

One can similarly obtain the corresponding matrix for the K’
valley MX,. The nonzero-energy levels are obtained from the
condition det |M%,| =0

In order to find the solutions of the zero-energy states, one
can solve Eqgs. (25) and(31) in the case of € =0 (U; = U, =
0). Applying the boundary conditions (21) at the interface
shows that zero-energy states exist for all angular momenta m,
at the K valley, and only for m < 0 at the K’ valley.

1. Unbiased system

Figure 4 shows the energy levels as a function of magnetic
field at the K (solid curves) and K’ (dashed curves) valleys
when U; = U, = 0. The energy levels are shown for the
angular momenta, m = —1 (blue), m = 0 (green), and m = 1
(red) with QD radius R = 30 nm. As mentioned before, the
SLG-infinite BLG QD in the absence of unbiased magnetic
field displays a continuum energy band which is also apparent
in Fig. 4. In this case, there are many degenerate zero-energy
states at zero magnetic field corresponding to all angular
momenta for both K and K’ valleys. Increasing the magnetic
field, zero-energy degenerate levels for each m is lifted due
to the breaking of the time reversal symmetry. Breaking of
the inversion symmetry due to the interface removes the
degeneracy of the K and K’ valleys. The spectrum shows
anticrossings, which is due to the influence of the SLG-BLG
interface. At high magnetic fields, the energy levels merge into

165410-5
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FIG. 4. Energy spectrum of unbiased SLG-infinite BLG QD (i.e.,
U, = U, =0) as a function of magnetic field for m = —1 (blue),
m = 0, (green) and m = 1 (red) with the dot radius R = 30 nm at
the K (solid curves) and K’ (dashed curves) valleys. The inset is an
enlargement of the black square box for a particular anticrossing of
energy levels in the K’ valley.

the Landau levels (LLs) of SLG, (¢ = £+/2n, n is the LLs’
number [26]). In a strong magnetic field, the carriers become
localized at the center of the SLG dot and will not be influenced
by effects due to the dot interface. It should be mentioned that
electron-hole symmetry exists for both valleys, because all
matrix elements in M %, [Eq. (36)] and MX, are even function
of the dimensionless energy ¢, when U; = U, = 0.

An enlargement around a particular anticrossing point is
given in the inset of Fig. 4. The wave functions as well as
the probability densities for the points labeled by (a), (b), and
(c) in Fig. 4 are shown in Fig. 5. The upper panels show the
wave functions of layer 1 which are continuous in both SLG
and BLG. The wave functions of layer 2 are plotted in the
middle panels. Point (a) corresponds to confinement in both
BLG regions and the SLG-BLG interface, while for the energy
state (c) the electrons are confined inside the SLG QD. Right

S (A P e DN (b)] OBF\ (©)]
. 2} K' \WBI AN ] NS ]
& P f\ 10 N\ 1 N
-z 0 ,\;Z._‘/_ ¢K‘-~ 0 s 0 N
S 1.4 1 i
B 2 B Al 0.4+ 1-04L
% | [Layer 2! 0.8} 4 0.08}
L 2} i 1 i
(l>.) P L
g Of of 1 of
= 2 4-0.04t__,
15} AIE N { o8}
K2 1 04}
5t T Layerl |
O 30 ) 30 0 30 70
r (nm) r (nm) r (nm)

FIG. 5. The wave functions corresponding to the points (a), (b),
and (c) of the inset in Fig. 4. The upper panel shows the wave functions
for layer 1, the middle panel displays the wave functions for layer 2,
and the lowest panel shows the density of the bound states in the two
layers for the K’ valley.
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FIG. 6. (a) Schematic pictures of the terminated systems, SLG
QD (left) and BLG antidot (right). Lower panel displays the energy
spectrum of SLG-infinite BLG QD (black solid curves) and the
terminated systems, SLG QD (blue dashed curves) and BLG antidot
(red dashed curves) as a function of magnetic field for the two valleys
(b) K and (c) K’. The dot radius is R = 30 nm and m = 1.

at the anticrossing [i.e., point (b)] one finds confinement in
both SLG and BLG.

Plateaulike features appear in the energy spectrum, that can
be understood when comparing the energy levels of terminated
SLG QD and BLG antidot. Consider two terminated systems,
SLG QD and BLG antidot with zigzag edges as shown in
Fig. 6(a). The boundary condition is ¥} = 0 for SLG QD and
&%, = @7, = 0 for BLG antidot. Lower panels of Figs. 6(b)
and 6(c) show the energy spectrum of SLG-infinite BLG
QD (black solid curves) and those of the terminated systems
(dashed curves) at the two valleys K and K’ for m = 1.
The spectrum of SLG-infinite BLG QD resembles that of
the terminated systems with an energy gap opened at every
crossing point. Such energy gaps at the crossing points can be
interpreted as due to the hybridization between SLG QD and
BLG states.

The energy levels of the lowest bound states for the unbiased
system are shown in Fig. 7 as a function of the dot radius
for B=10 T, and m = —1, 0, 1 at the K (solid curves)
and K’ (dashed curves) valleys. For R — 0, the energy levels
correspond to the LLs of unbiased bilayer graphene given
by [31]

1 [z t
£ =+— 5 +@n' + 1)E} £ /Z + @n' + DI2E3 + E§,

Ey
(38)
where Eg = hvp/lg, n'=n+(m|+m)/2, and n=
0,1,2,..., with m > 0 and m < O states being degenerate.
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FIG. 7. Energy states of unbiased SLG-infinite BLG QD (U, =
U, = 0) as afunction of the dot radius with B = 10T, form = —1,0,1
at the valleys K (solid curves) and K’ (dashed curves).

Increasing R, the LLs of BLG split for different valleys
(breaking of inversion symmetry) as well as for different
angular momenta (breaking of time reversal symmetry) and
approach the LLs of SLG. The energy levels corresponding
to the K valley in Fig. 7, demonstrate the merging of the nth
BLG LLs at R — 0 to the nth SLG LLs at larger R. For the K’
energy levels, the nth LLs of BLG approach the (n 4 1)th LLs
of SLG. Similar analysis is also available for the terminated
systems, illustrated in Fig. 6, exhibiting the appearance of
plateau feature in the spectrum.

2. Biased system

The dependence of the spectrum on the magnetic field, at the
two valleys K and K’ for a biased system with U; = —U, =
0.1 eV, are shown respectively in Figs. 8(a) and 8(b). The
results are presented for m = —1 (blue), m = 0 (green), and
m =1 (red). The energy levels show a band gap between the
conduction and valence bands at the K and K’ points. For small
magnetic field (B — 0), this band gap exhibits a divergence
when expressed in the units of hvg/lp. Applying a gate
potential breaks the degeneracy of the lowest-energy states,
and the spectrum becomes strongly dependent on m. However,
as the magnetic field increases, the magnetic confinement
becomes important, as seen by the lifting of the degeneracy
of the states, and the energy levels approach the LLs of SLG
(see black dashed curves, i.e., & = +/2n +u 1). Furthermore,
both K and K’ spectra show electron-hole asymmetry because
of the breaking of inversion symmetry due to the presence
of the external gate potentials. The behavior of the electron
states in both valleys is qualitatively similar, but the hole states
display different behavior which for the K valley are nearly
degenerate.

Results for the spectrum of localized states as a function of
R are shown in Fig. 9 for the biased case, Uy = —U, = 0.1 eV.
The energy levels are plotted for angular momentum labels,
m = —1 (blue), m =0 (green), and m = 1 (red) with B =
10 T at the valleys (a) K and (b) K’. When R — 0, for both
valleys, energy levels coincide with the LLs of biased BLG
as it should be. The LLs of biased BLG is determined by the
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FIG. 8. Energy spectrum of biased SLG-infinite BLG QD as a
function of magnetic field for m = —1,0,1 at the (a) K and (b) K’
valleys with the dot radius R = 30 nm. The black dashed curves
depict the SLG LLs +u,. The applied bias is U; = —U, = 0.1 eV.

equation [31]

[(a@+8)> —2(n + Dll(a — 8)> —2n'] — (&> — §5)t"* = 0.
(39)

For small R, the lowest energy levels become nearly degen-
erate, forming two energy bands around ¢ = +u; = £1.23.
As R increases, degeneracy of the energy levels is lifted and
finally they connect to the LLs of SLG subject to the external
potential u;. Figure 10 shows the spectrum for terminated
systems (dashed curves) and biased SLG-infinite BLG QD
(black solid curves) as a function of R at the valleys K and K’
for m = 1. The resemblance of the two different spectra are
also evident for the biased case.

III. BLG-INFINITE SLG QUANTUM DOTS

A. Zero magnetic field

In this section we choose the inverse of the previous QD
system in which a BLG QD is surrounded by an infinite SLG
[see Fig. 1(b)]. This system can be considered as an infinite
BLG sheet in which a circle of radius R from its upper layer
is left and the other part is removed. Similar to the previous
section the Hamiltonian is solved for both parts of the system
and then we choose the appropriate wave functions to satisfy
the extreme conditions whenr — 0 for bilayer dotandr — oo
for SLG. Here, the modified Bessel function of the firstkind 7,,,
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FIG. 9. Energy spectrum of biased SLG-infinite BLG QD (U, =
—U, = 0.1 eV) as a function of dot radius with B = 10 T and for
m = —1,0,1 at the valleys K (a) and K’ (b). Black dashed lines are
the LLs of SLG +u;.

and the Bessel function of the second kind Y,,,, are the solutions
for regions of the BLG QD and infinite SLG, respectively.
As discussed before (see Sec. I A), there is no unique linear
combination of real or imaginary parts of ,,(y+) and Y,,(y+)
from which unique discrete energies can be obtained even

FIG. 10. Energy spectrum of SLG-infinite BLG QD (black solid
curves) and the terminated systems, SLG QD (blue dashed curves)
and BLG antidot (red dashed curves) as a function of dot radius R,
for the two valleys (a) K and (b) K'. The magnetic fieldis B = 10 T
andm = 1.
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FIG. 11. Energy spectrum of unbiased BLG-infinite SLG QD
(i.e., Uy = U, = 0) as a function of magnetic field for R = 30 nm
and m = —1,0,1 at the two valleys, K (solid curves) and K’ (dashed
curves). Black dot-dashed curves are the LLs of unbiased infinite
BLG. The inset shows an enlargement of the energy levels for low
magnetic fields.

in the presence of bias. Thus there are no bound states in
BLG-infinite SLG QDs for B = 0.

B. Nonzero magnetic field

In the presence of a magnetic field, the calculations are
similar to those presented in Sec. II B. To avoid repetition, we
limit ourselves here to the numerical results. Similar analysis
for the case of zero-energy levels as in previous section, one
finds that zero-energy states exist only for m < 0 at the K
valley, and for all momenta at the K’ valley.

1. Unbiased system

The dependence of the spectrum on magnetic field, for R =
30 nm and m = —1 (blue), m = 0 (green), and m = 1 (red)
at the two valleys K (solid curves) and K’ (dashed curves) is
shown in Fig. 11. The inset shows an enlargement of the states
for small magnetic fields. As we see, for B = 0, the energy
levels coincide with the LLs of SLG. The energy levels are
nearly degenerate for m > 0 and m < 0 at very low magnetic
fields (0-0.1 T). As the magnetic field increases, the states
merge to form the LLs of an unbiased infinite BLG sheet
[black dashed curves, see Eq. (38)], which indicates that the
carriers become strongly localized at the center of the dot. The
energy levels in Fig. 11 show that the LLs of SLG connect
to LLs of BLG with the same Landau level indices for the
K valley. However, for the K’ valley, the SLG and BLG LLs
connect by ng;, — npp — 1.

The spectrum of terminated systems [in this case, BLG
QD (red dashed) and SLG antidot (blue dashed)], and the
BLG-infinite SGL QD (black solid curves) are shown in Fig. 12
at the two valleys K and K’ for m = —1. The oscillatory
feature in the energy levels can be understood in relation to
the terminated systems as explained in Fig. 6.

In Fig. 13, we show the dependence on R of the low energy
spectrum, at the two valleys K (solid curves) and K’ (dashed
curves) for m = —1 (blue), m = 0 (green), and m = 1 (red)
with B = 10 T. The R — 0 limit corresponds to the case of
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FIG. 12. Energy levels of BLG-infinite SLG QD (black solid
curves) and the terminated systems, BLG QD (blue dashed curves)
and SLG antidot (red dashed curves) as a function of magnetic field
at the two valleys K (a) and K’ (b) for m = —1. The dot radius is
R =30 nm.

SLG sheet, and the spectrum agrees with the LLs of SLG with
the states being degenerate for all angular momenta and for
both valleys. When R increases, angular momentum as well
as valley-degenerate levels split, showing flat plateau features
for certain ranges of dot radius, and eventually merge into the
LLs of unbiased BLG. The way of the LLs of SLG and BLG
are connected is similar to those discussed for Fig. 11.

2. Biased system

Figure 14 displays the energy levels for the biased case
with Uy = —-U, =0.1 eV and R =30 nm as a function
of magnetic field for (a) K and (b) K’ valleys. As in the
unbiased case, the spectrum is plotted for m = —1 (blue),
m = 0 (green),and m = 1 (red). The energy levels show a band
gap between the conduction and valence bands. For very small
values of B, the spectrum becomes degenerate and forms a
continuum band. However, as the magnetic field increases, the
degeneracy of the levels is lifted for each angular momentum

FIG. 13. Energy levels of unbiased BLG-infinite SLG QD (U, =
U, = 0) as a function of dot radius R, for m = —1,0,1 at the two
valleys, K (solid curves) and K’ (dashed curves). The magnetic field
isB=10T.

PHYSICAL REVIEW B 93, 165410 (2016)

Biased BLG LLs ---- 2

FIG. 14. Energy spectrum of biased BLG-infinite SLG QD (i.e.,
U, = —U, =0.1 eV) as a function of the magnetic field for R =
30 nm and m = —1,0,1 at the two valleys, K (a) and K’ (b). Black
dashed curves are the LLs of a biased infinite BLG.

(with the large shift for low lying states) and eventually
approaching the LLs of biased BLG (blacked dashed curves).
For each value of m, the hole energy levels show anticrossings
when the energy levels approach the LLs of biased BLG.
There are some other features, e.g., electron-hole asymmetry,
degeneracy lifting between the states of the different valleys,
and different behavior of the hole states in the K valley, similar
to SLG-infinite QDs.

The spectrum as a function of R for the biased case with
Uy = —-U, =0.1 eV, is plotted in Fig. 15 for the valleys (a)
K and (b) K’. The other parameters are the same as for the
unbiased case shown in Fig. 13. For R = 0, the spectrum
corresponds to the LLs of the SLG sheet, being degenerate for
all m. With increasing dot radius, the degeneracy of the levels
for different m is lifted, and the levels connect to different LLs
of BLG. The results show that the low-energy LLs of SLG
converge to the low-energy LLs of BLG, as the dot radius
increases, and they form two bands around these energies. It
is also seen that the hole states, in the case of the K valley are
approximately degenerate.

In graphene QDs, it is possible to define a scaling factor
for the maximum of the magnetic field by setting the dot
size R equal to the cyclotron radius at the Fermi energy,
ie, R = l%k]: [32]. Having E = hvgkp and E = (hvpkp)?/t
for the low energy dispersion of monolayer and bilayer
graphene, respectively, one can obtain kr and consequently
the scaling factor with respect to the magnetic field and size
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FIG. 15. Energy spectrum of biased BLG-infinite SLG QD as a
function of dot radius, for m = —1,0,1 at the two valleys, K (a) and
K’ (b). The magnetic fieldis B = 10 Tand U; = —U, = 0.1 eV. The
black dashed lines show the SLG LLs +u;.

of the confinement area, i.e., Rspg = E/(evpB) for SLG-
infinite BLG QD and Rg; g = +/ Et/(evr B) for BLG-infinite
SLG QD.

IV. CONCLUSION

Using the continuum model, i.e., solving the Dirac-Weyl
equation, we obtained analytical results for the energy levels
and corresponding wave functions for two new types of QDs
in hybrid SLG-BLG systems: SLG-infinite BLG QDs and
BLG-infinite SLG QDs. We implemented the zigzag boundary
condition at the SLG-BLG junction in order to observe features
brought by the zigzag edges in the spectrum. Both Dirac
valleys were investigated separately because of the breaking
of inversion symmetry due to the presence of the SLG-BLG
interface.

PHYSICAL REVIEW B 93, 165410 (2016)

No bound states are observed in both types of QDs when
B = 0 and when no bias potential is applied to the graphene
layers. In biased SLG-infinite BLG QDs with B = 0, bound
states and the opening of an energy gap between the electron
and hole energy levels are found, and this gap closes when
increasing the dot radius. The energy spectrum corresponding
to the K valley exhibits the symmetry Eg(m) = Eg(—m),
which no longer holds for the K’ valley levels.

In the presence of a perpendicular magnetic field without
bias, degeneracy of energy levels is lifted. Increasing the
magnetic field, the spectrum exhibits anticrossings and the
levels merge into the LLs of SLG which indicates that the
carriers become strongly localized at the center of the SLG QD.
The anticrossings are due to the interplay of confined states in
both SLG and BLG region and at the SLG-BLG interface. In
the presence of an external electric field, our results showed
that the degeneracy of the lowest-energy states are lifted at
low magnetic fields and the opening of an energy gap is found.
Furthermore, both the K and K’ spectrum show electron-hole
asymmetry because of the breaking of the inversion symmetry
by the external potential.

For BLG-infinite SLG QDs, we found that there are no
bound states with or without external electric field when
B = 0. Energy spectrum of unbiased BLG-infinite SLG QDs
for B # 0 showed that the degeneracy of the states is lifted,
and for high magnetic fields, the energy levels merge into the
LLs of unbiased BLG. The biased case showed an opening of
energy gap.

Dependence of spectrum on dot radius in the SLG-infinite
BLG QDs (BLG-infinite SLG QDs) shows that in the R — 0
limit, the energy levels correspond to the unbiased LLs of BLG
(SLG). Increasing R, the LLs of BLG (SLG) split for different
angular momenta and approach the LLs of SLG (BLG). For
the case of biased SLG-infinite BLG QDs with B # 0, the
energy gap for R — 0 closes with increasing R.

The energy levels of the proposed new QDs can be
investigated experimentally by STM, which measures the local
density of states (LDOS). From the LDOS, one can obtain
information about the position of the bound states and the
localized electron/hole distribution.
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