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Heterostructures of graphene and nitrogenated holey graphene: Moiré pattern and Dirac ring
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Nitrogenated holey graphene (NHG) is a recently synthesized two-dimensional material. In this paper the
structural and electronic properties of heterostructures of graphene and NHG are investigated using first-principles
and tight-binding calculations. Due to the lattice mismatch between NHG and graphene, the formation of
a moiré pattern is preferred in the graphene/NHG heterostructure, instead of a lattice-coherent structure. In
moiré-patterned graphene/NHG, the band gap opening at the K point is negligible, and the linear band dispersion
of graphene survives. Applying an electric field modifies the coupling strength between the two atomic layers.
The Fermi velocity v is reduced as compared to the one of pristine graphene, and its magnitude depends on the
twist angle 6 between graphene and NHG: For 6 = 0°, vy is 30% of that of graphene, and it increases rapidly
to a value of 80% with increasing 6. The heterostructure exhibits electron-hole asymmetry in vy, which is large
for small 6. In NHG encapsulated between two graphene layers, a “Dirac ring” appears around the K point. Its
presence is robust with respect to the relative stacking of the two graphene layers. These findings can be useful
for future applications of graphene/NHG heterostructures.
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I. INTRODUCTION

Graphene is known for its structural stability and extraordi-
nary electronic and thermal conductivity [1,2]. However, the
lack of an energy band gap limits its use in field-effect and
optoelectronic devices. A search for novel semiconducting
ultrathin compounds that share some of graphene’s features
is highly needed. Recent experimental and theoretical stud-
ies have demonstrated that vacancy or adatom engineered
graphenes are promising candidates for switchable and high
mobility electron transport applications [3-5]. In addition,
another method to form a graphene variant is by creating
two-dimensional polymers in which graphenelike building
blocks are linked to each other by strong covalent bonds and
linker atom groups [6-9]. Very recently, Mahmood et al.,
demonstrated experimentally that the formation of a large
area of a nitrogenated holey graphene (NHG) structure can
be realized easily using the wet-chemistry-based bottom-up
approach [10]. NHG crystal has a strictly two-dimensional
atomic structure, and it exhibits exceptionally high crystal
and electronic quality, along with a considerable band gap
of 1.96 eV. In addition, studies revealed its possibility for
hydrogen purification [11], hydrogen evolution [12], and water
splitting [13].

Stacking different 2D monolayers together results in so-
called van der Waals heterostructures [14]. Such heterostruc-
tures have atomic sharp interfaces without dangling bonds and
exhibit many novel properties that are potentially interesting
for applications. For example, long-lived interlayer excitons
are observed in MoSe, /WSe, heterostructure [ 15]. Atomically
thin p-n junctions [16] and light-emitting diodes [17] have been
realized using van der Waals heterostructure. The properties
of graphene can also change greatly by constructing van
der Waals heterostructures with different materials. Localized
Dirac fermions are predicted to appear in twisted bilayer
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graphene [18], and cloning of Dirac cones [19] is observed
in a graphene/BN heterostructure. Since NHG is a newly syn-
thesized 2D material, it is interesting to explore the structural
and electronic properties of graphene/NHG (G/NHG) van der
Waals heterostructures and investigate how the Dirac fermion
of graphene is affected in the heterostructure.

In this paper, we study the structural and electronic
properties of heterostructures of graphene and NHG. After
the introduction the rest of the paper is organized as follows:
Computational methodology is given in Sec. II. The properties
of monolayer NHG are briefly introduced in Sec. III. In Sec. IV
bilayer G/NHG heterostructures are discussed, including its
atomic structure, the band structure, effects of a perpendicular
electric field, and the renormalized Fermi velocity. Finally the
band structure of NHG encapsulated between two graphene
layers is investigated in Sec. V. Our conclusions are given in
Sec. VL.

II. COMPUTATIONAL METHODOLOGY

For geometry optimization and the determination of the
electronic structure of NHGs we performed first-principles
calculations within the density functional theory (DFT) using
the plane-wave projector-augmented wave (PAW) method [20]
as implemented in the Vienna ab initio simulation package
(VASP) [21,22]. The Perdew-Burke-Ernzerhof (PBE) [23]
form of the generalized gradient approximation (GGA) was
adopted to describe electron exchange and correlation. The
kinetic energy cutoff for the plane-wave expansion was set
to 400 eV where the hexagonal Brillouin zone (BZ) was
sampled with a I'-centered 7 x 7 x 1 k-point grid. To avoid
interaction between adjacent NHG sheets, we put a large
vacuum spacing of 15 A in the perpendicular direction. The
convergence threshold for energy was chosen as 10~° eV and
1072 eV/A for the force. For the calculation of the density
of states, the tetrahedron method with Blochl corrections is
used. The charge distribution on the atoms was calculated
using the Bader analysis [24,25]. The effect of van der Waals
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interaction was included by using the empirical correction
scheme of Grimme [26].

For large scale moiré pattern structure calculations, we
employed a tight-binding (TB) model. We limited studies to
the p, orbital for both C and N atoms, since we are mainly
interested in the states around the Fermi level which are all p,
orbitals. The Hamiltonian has the form [27]:

H = Ze,m i+ > tlid (1)

i#]

where |i) is the p, orbital of the atom located at 7, ¢;
is the onsite energy, and f;; is the coupling parameter. In
monolayer graphene, only the ppm interaction is relevant,
but in the graphene/NHG heterostructure, both ppm and ppo
interactions are important. According to the Slater-Koster
formula [28], #;; is given by:

tij = n2Vpo(rij) + (1 = 1) Vppr (1)), 2)

where n is the direction cosine along the z direction of the
vector 7; — r; = F;j, and r;; = |F;;|. The functions V,,, and
V,po are assumed to have the form ye?1~"4/9), More details
about the model and the fitting parameters y, g, a, and €; are
given in the Appendix. Our tests show that the model can well
reproduce the VASP results.

III. SINGLE LAYER CRYSTAL STRUCTURE OF NHG

The primitive unit cell of the NHG crystal structure, with
the formula C,;N, can be constructed using two benzene rings
surrounded by six nitrogen atoms. As shown in Fig. 1(a), in
NHG carbon and nitrogen atoms form a 18-atomic hexagonal
unit cell with the lattice constant 8.29 A. Similar to graphene,
the strong sp® hybridization between carbon and nitrogen
atoms leads to the formation of an atomically flat holey
structure. In addition NHG structure contains three types of
bond lengths; 1.33 A for carbon-nitrogen bonds, 1.46 A for
carbon-carbon bonds facing the holey side, and 1.43 A for
carbon-carbon bonds located in between the nitrogen linkers.
It appears from the short bond lengths that, withstanding the
presence of the nitrogen atoms between the benzene rings,
the NHG crystal structure is quite stable. According to our
Bader charge analysis, the holey site of graphene is surrounded
by negatively charged N atoms (—1.1 e), while each C atom
in the benzene rings donates about 0.55 e. However, strong
carbon-nitrogen hybridization leads to the emergence of some
additional features such as an energy band gap. The band
structure of the NHG monolayer is shown in Fig. 1(b). It has a
direct band gap located at the I" point. Around the band edges
there are several flat bands. The contour plots of the lowest
conduction band (CB) and highest valence band (VB) around
the I" point are presented in Figs. 1(c) and 1(d). Notice that
the CB exhibits a much more anisotropic behavior than the
VB. From Figs. 1(c) and 1(d) it is seen that the contour lines
for VB are more circlelike than those for the CB. The energy
changes from I" to K and from I" to M are 0.08 eV and 0.11 eV
for VB, respectively. But for CB, the values are 0.76 eV and
0.06 eV. The PBE predicted energy gap value is 1.65 eV at
the I' point, which is smaller than the experimental value of
1.96 eV, due to the well known band gap underestimation of
PBE. These results are in good agreement with those reported
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FIG. 1. (Color online) (a) Top view of the atomic structure of
a single layer holey graphene. Nitrogen and carbon atoms are
shown by red and blue balls, respectively. Primitive unit cell of the
crystal is delineated by black rhombus. Tilted perspective view of a
N-surrounded benzene unit and bond lengths are given in the inset.
(b) Band structure of NHG monolayer. (¢) Contour plot of the lowest
conduction band around the I" point. (d) The same as (c) but for the
highest valence band.

by Zhang et al. [29]. The PBE-predicted effective masses are
17.25my for the hole and 1.13m for the electron along I'-K
and 22.34m, for the hole and 2.77m, for the electron along
I'-M, where my is the mass of a free electron.

IV. BILAYER HETEROSTRUCTURES OF GRAPHENE
AND NHG

A. Atomic structure: Ordered stacking versus moiré pattern

First we briefly describe the construction of the G/NHG
heterostructure. The two in-plane primitive lattice vectors of

graphene are chosen as @ = (1,0)ai and by = (%,‘/;)ag.

For NHG, the primitive lattice vectors are a, = (‘?, ;) N

and b, = (¥ 3, Dal. Here af =2.46 A and a)) = 8.29 A are
the optimized lattice constants of graphene and NHG. When
integers (111,n) and (p,q) meet the condition |ma; + nb;| ~
|pas + gb;|, a G/INHG heterostructure can be constructed,
with its two lattice vectors belng ma, +nb1 A pds +qb2
and —na; + (m + n)b1 ~ —pdr+ (p + q)bz We denote it
as (m,n)-(p,q) stacking. Because the lattice of NHG can
also be viewed as a honeycomb structure with some missing
hexagonal rings, it also has zigzag and armchair directions like
graphene. Therefore, one can define the relative twist angle 6
in a (m,n)-(p,q)-G/NHG as the angle between the zigzag (or
armchair) directions of the NHG layer and the graphene layer.
Based on the above defined lattice vectors, the cosine of 6 can
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FIG. 2. (Color online) Illustration of the G/NHG heterostructures
with AA, AB, and (7,3)-(1,2) stacking. The boxes defined by the solid
lines indicate the supercell.

be calculated as:

V3(mp +mq + nq)
2\/(m? + mn +n?) (P2 + pg +q%)

As NHG has a holey honeycomb lattice, one may expect
that, similar to bilayer graphene, the G/INHG heterostructure
can exhibit different favorable stacking configurations such
as the AA or AB stacking shown in Fig. 2. Regarding the
notation described above, AA stacking corresponds to (2,—2)-
(1,0)-G/NHG with 6 = 0°, and AB stacking corresponds to
(2,2)-(1,0)-G/NHG with 6 = 60°. In these cases, the lattice
mismatch between the graphene layer and the NHG layer is
about 3%. Formation of a lattice-matched structure imposes
strain to the monolayers, causing extra strain energy. Except
for the ordered stacking, another possibility is the formation of
a moiré pattern, in which the lattice mismatch between the two
constitute layers is maintained, as observed in graphene/BN
heterostructures [19,30,31]. In Fig. 2 we show an example of
such a moiré pattern, namely the (7,3)-(1,2)-G/NHG. Here the
lattice mismatch is less than 0.5%, and the strain energy is
negligible. The relative twist angle for this structure is 6.10°.
In all these stacking configurations graphene and NHG crystals
maintain their planar crystal structure. The interlayer distance
is calculated to be 3.36 A, 3.15 A, and 3.25 A for AA, AB,
and (7,3)-(1,2) stacking, respectively. Whether the ordered
stacking or the moiré pattern is more stable depends on the
competition between the interlayer binding energy and the
strain energy [32].

The interlayer binding energy is defined by E, = (Eo —
Ec — Enug)/S, where E and S are the total energy and
the area of the heterostructure supercell, and Es and Exyg

cosf =

3
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FIG. 3. (Color online) Band structure of the G/NHG heterostruc-
tures with AA and AB stacking. The Fermi level is set to zero.

N

are the energies of isolated graphene and NHG layers with
the same lattice constant as the heterostructure, respectively.
The strain energy is calculated by E; = (E¢ + Enug — Eg —
EQyuc)/S, where EX and EQy are the energies of graphene
and NHG layers at their equilibrium state. For different
structures, the one with the lowest E, + E; is the most
stable. For AA, AB, and (7,3)-(1,2) stacking, the interlayer
binding energies are —13.41 meV /A2, —16.52 meV /A2, and
—15.27 meV/A2, respectively. On the other hand, the strain
energy is 5.68 meV/A? for AA and AB stacking, but only
about 0.1 meV//o\2 for the (7,3)-(1,2) stacking. Overall, the
E, + E; for (7,3)-(1,2) stacking is the lowest. Although AB
stacking has the largest gain in the interlayer binding energy,
it is compensated by the high strain energy. Therefore, in
graphene/NHG heterostructures, a lattice mismatch will be
maintained, and the formation of moiré patterns, such as the
(7,3)-(1,2) structure, is favored over AA and AB stacking.

B. Band structure

As the formation of moiré patterns is more favorable, we
take the (7,3)-(1,2) structure as an example to discuss the
band structure of G/NHG. Although the AA and AB G/NHG
are not the ground state (they can possibly be metastable
configurations), to see the effect of ordered stacking we first
look at their band structures, as shown in Fig. 3. Due to the
Brillouin zone folding, the K point of graphene is folded into
the I" point in these structures. Both structures show a band
gap opening at the I point. The band gap is 0.26 eV for AA
stacking and 0.19 eV for AB stacking.

However, the situation for the (7,3)-(1,2) structure is very
different, as seen in Fig. 4(a). A linear band dispersion is
observed around the K point, with only a negligible band
gap opening of 0.3 meV. The bands around the K point are
also found to be isotropic. Therefore, the Dirac-fermion-like
behavior of carriers in graphene is preserved in G/NHG moiré
structures. The qualitative differences in the ordered stacking
and the moiré structures can be understood as follows. The AA
and AB structures are both commensurate states, in which the
graphene lattice follows the periodic potential U created by
the NHG layer. This potential results in the scattering between
states at k and k — G in the graphene layer, where G is the
reciprocal lattice vector of U, and the strength depends on
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graphene

FIG. 4. (Color online) (a) In the left panel, the solid lines indicate
band structure of the (7,3)-(1,2) structure (G/NHG), and the dashed
lines are the overlap of the bands of isolated graphene and NHG layers
(G 4+ NHG). In the right panel the layer projection is given. Blue
and red denote the contribution from the NHG and graphene layers,
respectively. (b) The partial charge density of the VBM and CBM
states at the K point. Left and right panels show the distribution in the
graphene and NHG layers, respectively. The isosurface corresponds
to 0.00035 e/A3.

the G Fourier components of U [33]. In the commensurate
state, G is also the reciprocal lattice vector of the primitive
graphene cell. This causes scattering between states at the
K point and the K -G point, namely between the two Dirac
cones. So there will be coupling between the VBM state at
one cone and the CBM at the other [33], and consequently
the CBM and the VBM are no longer degenerate, leading
to the opening of a band gap. In the moiré structures, the
lattice periodicity of graphene and NHG (thus the potential U)
are incommensurate. In this case G is not a reciprocal lattice
vector of graphene, and scattering between different Dirac
cones doesn’t occur. Hence the VBM and CBM states at the
K point remain degenerate, and there is no band gap opening.
Note that in practical calculations of moiré structures, due
to the periodic boundary conditiorl used, graphene and NHG
share the same supercell and some G may also be the reciprocal
lattice vector of graphene. However, the Fourier components
of U at these G is rather small because they correspond to high
frequency contributions. Therefore, the scattering between
Dirac cones, and the resulting band gap opening, will be
negligible. A similar effect is also predicted for graphene/BN
heterostructures. In graphene/BN with a commensurate lattice
(such as AA or AB stacking), there is a significant band
gap opening [34,35], whereas in graphene/BN heterostructures
with a moiré pattern [32,36], the band gap is zero.

PHYSICAL REVIEW B 92, 195419 (2015)

Although the van der Waals interaction between graphene
and NHG is not strong, it can have a significant influence on
the band structure of G/NHG. The interaction introduces a
dipole moment which leads to an energy shift between the two
layers. According to our calculations, the work function of an
isolated graphene layer is 4.24 eV, whereas the electron affinity
of an isolated NHG layer is 4.41 eV. In other words, the CBM
of NHG is 0.17 eV lower than the Dirac point of graphene.
If there is no interaction between graphene and NHG, when
they are stacked together the Dirac point of graphene will be
buried inside the conduction bands of NHG. However, due to
the interlayer coupling, there is charge transfer from graphene
to NHG, resulting in a dipole moment. This dipole moment
moves up the energy of the NHG layer with respect to the
graphene layer. Consequently, in G/NHG the Dirac point of
the graphene layer appears inside the band gap of the NHG
layer, as shown in Fig. 4(a). In Fig. 4(a) we also show the
overlap of the bands of isolated graphene and NHG layers
(G + NHG), and the energy shift caused by the dipole moment
is included. Comparing the bands of G/NHG and G + NHG, it
is found that the general shape of the bands are similar, but the
slope of the linear bands around the K point is reduced in the
G/NHG. This suggests a renormalization of Fermi velocity
caused by the interlayer coupling, which we will discuss in
detail in Sec. IV D.

To further show the interlayer coupling effect, the projected
weights of the graphene and NHG layers to the electron wave
function at a given k point and band state are denoted by
different colors in Fig. 4(a). The flat bands of the NHG
layer appear at E > 0.1 eV and E < —1.5 eV. Within the
range —1.5eV < E < 0.1 eV, the bands originate mostly
from the graphene layer. However, around the Fermi level,
strong interlayer coupling is observed. It can be seen that the
states close to the K point around O eV are not only from
the graphene layer but also from the NHG layer. Hence, the
Dirac states are distributed not only in the graphene layer
but also in the NHG layer. In Fig. 4(b) the charge density of
the VBM and CBM states at the K point are shown. These
states have a p, character. In the graphene layer, the VBM
and CBM are distributed on different sublattices. Both states
also have significant components in the NHG layer. Monolayer
NHG is a semiconductor with a considerable band gap. As a
consequence of the formation of a moiré heterostructure with
graphene, the interlayer coupling brings Dirac-Fermion-like
carriers to the semiconducting NHG layer.

C. Effect of electric field

In this part we investigate the effect of an external
perpendicular electric field E¢x on the band structure of the
(7,3)-(1,2) G/NHG. Electric fields of 0.2 V//OX are applied
along the +z and —z directions, which are perpendicular to the
layer plane. Previously it was demonstrated that the application
of an electric field could open a considerable band gap in
bilayer graphene [37]. In Fig. 5(a) the band structures and
the layer-projected weights of the (7,3)-(1,2) G/NHG under
an electric field are plotted. Different from bilayer graphene,
the band gap opening induced by the field is still negligible.
The gap is only 0.2 meV for Eey = 0.2 V/A and 0.5 meV
for Eqy = —02V/ A. Hence, in practice the Dirac cone can
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FIG. 5. (Color online) (a) Projected band structure of the (7,3)-
(1,2) structure for two values of the external electric field. Blue and red
color denotes the contribution from the NHG and graphene layers,
respectively. Fermi level is set to zero. (b) The density of states
(DOS) of the (7,3)-(1,2) structure with and without an electric field
applied. Fermi level is zero. (c) The partial charge density of the
VBM and CBM states at the K point for Ee = 0.2 V/A. Only the
distribution on the NHG layer is shown. (d) The same as (b) but for
E.,.=-02 V/./OX. The isosurface corresponds to 0.00035 e/A3.

be considered to be intact. The linear band dispersion around
the K point is also maintained. Compared with the case of
zero field, for Eeq = 0.2 V/A, the energy of the flat bands
from the NHG layer [the blue dots in Fig. 5(a)] decreases,
and for Eo = —0.2 V//QX, these flat bands increase in energy.
This happens because the electric field along +z decreases
the potential on the NHG side with respect to the graphene
side, whereas the field along —z increases the potential at
the NHG side. Such an energy shift is also clear in the
density of states plot in Fig. 5(b). As a result, the Dirac
point becomes closer to (further from) the empty flat bands,
and the interlayer hybridization for the states near the Fermi
level becomes stronger (weaker) for E. along +z (—z).
Comparing Figs. 4(b), 5(c), and 5(d), it can be seen that
the partial charge density of CBM and VBM in the NHG
layer increases for positive Ee and decreases for negative
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Ecx. Therefore, by applying an external field, the relative
distribution of Dirac-fermion-like carriers over the two atomic
layers can be tuned.

D. Renormalized Fermi velocity

Previous studies showed that when graphene is subject
to a periodic potential, its Fermi velocity decreases [33,38].
In graphene heterostructures with moiré patterns, a periodic
potential that follows the moiré pattern is created, thus the
Fermi velocity of graphene is renormalized, as was shown
in the case of twisted bilayer graphene [18,39]. In G/NHG
heterostructures, because of the appearance of a moiré pattern,
such renormalization is also expected. Figure 6(a) shows that
the slope of the linear bands around the K points in the
(7,3)-(1,2) structure is smaller than that in a pristine graphene
monolayer. In other words, the Fermi velocity vg of the
(7,3)-(1,2) structure is reduced. Moreover, in graphene the vp
is the same for electrons and holes, and the calculated value
is 8.46 x 10° m/s. However, the (7,3)-(1,2) structure exhibits
electron-hole asymmetry. The calculated vy is 6.24 x 10° m/s
for holes and 6.02 x 103 m/s for electrons. Defining an
asymmetry factor ¢ = 2(vp(h) — vp(e))/(ve(h) + vi(e)), the
asymmetry in the (7,3)-(1,2) structure is 3.6%.

In moiré pattern heterostructures, the relative angle 6
between the layers can be arbitrary in principle. Different 6
may result in different properties. For example, in bilayer
graphene, the magnitude of the Fermi velocity renormalization
depends on the relative twist angle [18,39]. A smaller angle
leads to a larger moiré pattern and a stronger renormalization.
To investigate moiré-patterned G/NHG heterostructures with
different 6, we have performed TB calculations. The details
of the TB model are described in the Appendix. Figure 6(a)
also shows the band structure of the (7,3)-(1,2) G/NHG and
graphene calculated by the tight-binding model, and the results
agree well with those obtained from VASP. Here we consider
different moiré patterned G/NHG with 6 ranging from 0° to
30°, since 60° — 6 and 6 create similar moiré patterns and they
result in the same velocity renormalization. The interlayer
spacing is fixed at 3.25 A as in the (7,3)-(1,2) structure. In
all structures studied, the lattice mismatch between graphene
and NHG is less than 0.5%. The band gap opening at the
Dirac point is always negligible. As shown in the inset of
Fig. 6(c), its order of magnitude is 10™* eV and decreases
with decreasing twist angle. The linear band dispersion is
well preserved in all structures. The band dispersion around
the K point for several selected G/NHG heterostructures are
shown in Fig. 6(b). Figure 6(c) presents the calculated Fermi
velocity as a function of 8. The following results are found:

(1) There is always some electron-hole asymmetry in vg.
When 6 is small, the asymmetry factor ¢ increases rapidly
with decreasing 6, as show in the inset of Fig. 6(c). It reaches
a maximum of 13% at 6 = 0°.

(i) For 6 > 15°, v is almost independent of 6, but the value
is only about 80% of that of pristine graphene, indicating that
velocity renormalization occurs even for large 6. In bilayer
graphene, when 6 is large, the moiré pattern periodicity is
small, and the pattern induced potential is almost uniform. As
a result, the renormalization effect is weak [18,39]. However,
the NHG has a special crystal structure, with large holes
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FIG. 6. (Color online) (a) Band dispersion of (7,3)-(1,2) G/NHG and graphene near the Fermi level calculated by DFT and TB.
(b) Band dispersion of G/NHG with different twist angle 6 around K. 6 = 20.94°,9.97°, and 2.30° correspond to (20,6)-(5,3), (8,15)-(0,6), and
(20,1)-(3.,4) stacking, respectively. (c) The calculated Fermi velocity vy as a function of 8. Solid horizontal line indicates the value of pristine
graphene. Inset: The electron-hole asymmetry factor ¢ of vy and the band gap E, at the Dirac point as a function of 6.

distributed periodically on the monolayer. The potential above
the holes is very different from that above other regions. In
the G/NHG heterostructures, these holes create nonuniform
potentials with a periodicity of a}’, which is applied to the
graphene layer. For large 6, although the size of the moiré
pattern is small, the velocity renormalization is still significant
due to the hole induced potentials.

(iii) For 6 < 15°, vy decreases when the angle decreases.
It is known that bilayer graphene exhibits a similar behav-
ior [18,39]. Moreover, for the graphene bilayer, in the case that
0 is extremely small, the size of the moiré pattern becomes
infinite because there is no lattice mismatch between the
two graphene layers. This leads to a very strong velocity
renormalization, and vy is reduced to zero [18,27]. Such a
behavior does not appear in the G/NHG heterostructure. When
6 = 0°, v is reduced by a large extent but not to zero. It is
about 30% of that of pristine graphene. Due to the lattice
mismatch between graphene and NHG, even at 6 = (0°, the
moiré pattern size is still finite, with a periodicity of 86 A. So
vr is not reduced to zero as in the graphene bilayer.

V. GRAPHENE ENCAPSULATED NHG

Finally we discuss the electronic properties of graphene en-
capsulated NHG (GENHG), namely a NHG layer sandwiched
by two graphene layers. Here we consider a (7,3)-(1,2)-(7,3)
GENHG, namely a (1,2) NHG layer is placed between two
(7,3) graphene layers, as shown in Fig. 7(a). The interlayer
distance is set to 3.25 A. Note that in the case of GENHG, the
moiré pattern is still preferred over other ordered stackings.
In GENHG, there are two G/NHG heterostructures. It is a
good approximation to estimate the interlayer binding energy
in GENHG by adding up the binding energies of the two
corresponding G/NHG structures. Based on the analysis in
Sec. IV A, for GENHG, the ABA stacking can achieve a
maximum binding energy of —33.04 meV /A2, but its strain
energy is 8.99 meV/A2. The binding energy of (7,3)-(1,2)-
(7,3) GENHG is —30.54 meV /A2, and its strain energy is
almost zero. Similar to the case of G/NHG, the E; + E; in the
(7,3)-(1,2)-(7,3) GENHG is lower than in the ordered stacking
configurations such as ABA, and a moiré pattern is favored.

The band structure of the (7,3)-(1,2)-(7,3) GENHG is
calculated by the tight-binding model. The results are plotted

in Fig. 7(b). The GENHG exhibits metallic character, and its
band structure around the K point is much like the case of
AA stacked bilayer graphene [40], which can be viewed as
the overlap of two shifted linear spectra. Figure 7(c) shows
the highest valence band around the K point of this system.
While in the G/NHG heterostructure there is only one Dirac
point at the K point, in the GENHG there is a ring at the Fermi
level in which Dirac-fermion-like carriers are present around
the K point. Distinct from AA stacked graphene, the inner
and outer radial velocities of the states on this ring are very

(a) Graphene
NHG
Graphene
0.4
(b) @ o4F
?o/ 0.0+ ?o/
= > 0.0t
S 04 o
c 2
w L
R VI r O k=T

FIG. 7. (Color online) (a) Schematic of the GENHG structure.
(b) Band dispersion and (c) the highest valence band around K of the
(7,3)-(1,2)-(7,3) GENHG. (d) Band structure of (17,1)-(3,3)-(12,8)
GENHG around the K point. The Fermi level is set to zero.
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(a) (7,3) graphene

(1,2) NHG (7,3) graphene

17,1) graphene (3,3) NHG

0.1 015,
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0.1 0.1L

K

Energy (eV)

FIG. 8. (Color online) (a) The band structure of the (7,3)-(1,2)-
(7,3) GENHG around the K point where the size of the circles is a
measure of the contribution of the different layers to the carrier states.
(b) The same as (a) but for the (17,1)-(3,3)-(12,8) GENHG.

different. Along the direction pointing to the K point, v is
4.94 x 10° m/s for electrons and 7.89 x 10° m/s for holes.
Along the direction that is pointing away from the K point, vy
is 7.76 x 10°> m/s for electrons and 4.69 x 10° m/s for holes.
Note that in the present GENHG the two graphene layers
have AA stacking. To see whether the presence of the “Dirac
ring” depends on the stacking between the graphene layers, we
have also calculated the band structure of a (17,1)-(3,3)-(12,8)
GENHG, as shown in Fig. 7(d). Around the K point, the
band structures is similar to the (7,3)-(1,2)-(7,3) GENHG. In
the (17,1)-(3,3)-(12,8) GENHG, the two graphene layers are
twisted with respected to each other and are no longer AA
stacked. Therefore, the “Dirac ring” is a general feature in
GENHG, which can be of potential interest for applications in
high speed devices.

Here we propose a simple model for the possible origin
of the Dirac ring. If one removes the NHG layer from the
GENHG structure, the remaining two graphene layers can be
viewed as two isolated ones since the distance between them
is large. However, with the presence of the NHG layer in the
middle, the interlayer coupling leads to relative energy shift
between the two Dirac cones. As a result, the conduction band
of the lower Dirac cone overlaps with the valence band of the
upper Dirac cone, leading to the formation of a Dirac ring.
To further confirm this prediction, we calculated the projected
weights of the carrier states of the two graphene layers and
the NHG layer in the band structure of the (7,3)-(1,2)-(7,3)
and (17,1)-(3,3)-(12,8) GENHG, which is shown in Fig. 8.
Interestingly different behaviors are observed in the two
structures. In the (7,3)-(1,2)-(7,3) GENHG, the two Dirac
cones have contributions from both graphene layers. However,
the NHG layer only couples to the lower Dirac cone. This can
be attributed to the symmetry of the wave functions at these two
Dirac cones. Because the two graphene layers are AA stacked,
the system has mirror symmetry and the NHG layer is the
mirror plane. Therefore, the wave function of each eigenstate
has a definite parity with respect to the mirror plane, either

PHYSICAL REVIEW B 92, 195419 (2015)

odd or even. Because of the p, orbital character, the parity
of the wave function of the NHG layer is always odd. That
is to say, the NHG layer can only have contributions to the
states with odd parity, and its coupling to even-parity states is
symmetry forbidden. We found that the states corresponding
to the lower Dirac cone in Fig. 8 have odd parity while those
belonging to the upper Dirac cone have even parity. The NHG
layer only couples to the former and changes its energy, but not
to the latter. This leads to the proposed energy shift between
the Dirac cones and thus the formation of the Dirac ring.
The situation is different in the (17,1)-(3,3)-(12,8) GENHG.
Figure 8(b) reveals that the upper Dirac cone comes from
the (12,8) graphene layer, while the lower Dirac cone comes
from the (17,1) graphene layer. There is no mirror symmetry
in this structure, so the NHG layer can couple to both Dirac
cones. However, as seen in the middle panel of Fig. 8(b), the
coupling strength to the lower Dirac cone is stronger than
that to the upper Dirac cone. This happens because the twist
angle in (17,1)-(3,3) G/NHG is smaller than that in (12,8)-(3,3)
G/NHG. As discussed in Sec. IVD, a smaller twist angle
leads to a stronger interlayer coupling. The different coupling
strength results in a relative energy shift of the two Dirac cones
and leads to the formation of a Dirac ring.

VI. CONCLUSION

The structural and electronic properties of heterostructures
of graphene and NHG were studied using first-principles and
tight-binding calculations. It is demonstrated that a moiré
pattern is favorable in the G/NHG heterostructure, instead of
the lattice-coherent structure, because of the large strain energy
in the latter. In moiré-patterned G/NHG, the band gap opening
at the K point is negligible, and the linear band dispersion of
graphene is well maintained. Due to the interlayer coupling,
the VBM and CBM states have significant contributions from
the NHG layer. By applying an electric field along the +z
or —z direction, the coupling strength can be either enhanced
or weakened. Fermi velocity renormalization is observed in
the G/NHG heterostructures. When the twist angle 6 between
graphene and NHG is larger than 15°, v in the heterostructure
does not change with 6, but the value is reduced to 80% of that
of pristine graphene due to the holely structure of NHG. When
6 is smaller than 15°, vr decreases rapidly with decreasing
0. The heterostructures also exhibit electron-hole asymmetry
in vy, which is enhanced for small 8. The GENHG shows an
interesting band structure near the Fermi level, much like the
overlap of two shifted linear spectra. As aresult, a “Dirac ring”
around the K point appears in the Brillouin zone at the Fermi
level. Its presence is robust with respect to the relative stacking
of the two graphene layers. The preserved Dirac-fermion

TABLE I. The parameters used when calculating the different
Vipz and V..

Ve VR VR vge vgr v
y (V) 048 048 —-270 =270 =270 =270

a(A) 3250 3.250 1.418 1.460 1.335 1.335
q 2218 5.518 2.218 2.218 5.518 5.518

195419-7



JUN KANG, SEYDA HORZUM, AND FRANCOIS M. PEETERS

AA G/NHG

NHG monolayer

PHYSICAL REVIEW B 92, 195419 (2015)

AB G/NHG (7,3)-(1,2) GINHG

o o
=) 2

Energy (eV)

Energy (eV)
= S
(%,

FIG. 9. (Color online) Comparison between the p, band structures of different structures calculated by VASP (circles) and the TB model

(red lines).

character and its electronic field tunability will be an asset for
future applications of such G/NHG heterostructures in field
effect devices.
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APPENDIX: TIGHT-BINDING MODEL
FOR GRAPHENE/NHG

The tight-binding Hamiltonian and the coupling parameter
are given in Egs. (1) and (2) in Sec. II. When r;; is large
the orbital coupling becomes negligible, thus a cutoff radius
Teu can be introduced. For 7;; > rey, #;; is considered to be
zero. For r;j < rew, Vppr and V), are calculated using the
same expression ye?!!~7ii/9) but with different parameters y,

q, and a. These parameters, as well as the ¢;, can be tuned
to reproduce the ab initio band structure. €¢; depends on the
type of the atom at 7, and V), and V,,, depend on the
type of the atoms at 7; and r;. When the type of atoms
change, the corresponding parameters can also be different.
In the graphene/NHG heterostructure, there are three types of
atoms: C1 (C atoms in the graphene layer), C2 (C atoms in the
NHG layer), and N. For the onsite energy ¢;, the relative value
between the different types is important. Adding a constant to
all ¢; doesn’t change the band dispersion and only results in a
rigid shift of the band structure. In our calculations, taking
the onsite energy of Cl as zero, the onsite energy of C2
and N are —0.27 eV and —0.70 eV, respectively. For each
heterostructure, a constant energy shift is added to all the
onsite energies to make the energy of the Dirac point zero.
The parameters used for calculating the different V),,, and
Vypo are listed in Table 1. The cutoff radius r, is chosen as
6 A, which is sufficient to obtain converged results.

In Fig. 9 the p, band structures of different structures
calculated by VASP and the TB model are presented. It can
be seen that the TB results agree with the VASP results quite
well, especially around the Fermi level, indicating the validity
of the TB model.
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