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1. Introduction

To stop the global warming, the decrease of the amount of
carbon dioxide in atmosphere is one of the urgent issues. For it,
materials science can play roles through the development of new
materials such as solar battery, fuel cell, and low energy device
systems. Graphene, which is made of only carbon (C) atoms and
has a two-dimensional honeycomb structure, is known to have
characteristic physical properties, such as high electron mobility,
and then expected as low energy electronic device materials.
Two-dimensional (2D) materials such as graphene have been
attracted great attention because of the flexibility of stacking
sequence and a twist between neighboring layers. Recently it was
reported that a twisted bilayer graphene (tBLG) with a small twist
angle of 1.1° exhibits superconductivity [1]. Materials
engineering due to a twist between neighboring layers in stacked
2D materials is called “Twistronics” and the related research
fields are growing larger. Here, we report the electronic structures
of tBLGs with a large twist angle under periodic boundary
condition and their change due to translation and uniaxial

compression.

2. Calculation methods

PHASE/O is an electronic structure calculation program,
which has been developed by Institute of Industrial Science (1IS),
the University of Tokyo, and National Institute for Materials
Science (NIMS) [2]. This program is based on the density
functional theory and the pseudopotential scheme. This code can
calculate electronic structures and then describe the bonding state
between atoms quite well. This is important for the simulations
on complicated systems such as stacked graphene studied in this
work. PHASE/O has been tuned for parallel vector machines and
exhibits high performance on the Earth Simulator (ES).

3. Results and discussions

We construct tBLGs to satisfy a periodic boundary condition.
The possible supercells are (N7x\7), (V13xV13), (V19xV19), ...
in ascending order by size. Their twist angles are 21.8°, 27.8°,
13.2°, .... Fig. 1 shows the atomic configurations of three models
employed in the calculation for a (V7x\7) supercell. The
difference in the three models is the relative position of the first
layer to the second one, which corresponds to the translation of

the first layer based on the second one. Both the models 1 and 2
shown in Fig.1(a) and (b) have three rotational-symmetry axes,
whose positions are indicated by the red open circles, while the
model 3 has no symmetry. In the model 1, C atoms in the two
layers are overlapped only along one rotational axis (lower left),
while in the model 2, C atoms are overlapped along two
rotational axes (center and upper right). The optimized distance
between the two layers is 3.352 A for all the three models. The
difference in total energies of the three models is less than 0.05
meV, indicating that all the three models have almost the same
stability.

The band structures for those models are shown in Fig. 2
(a)~(c). The energy range is -0.04 eV ~ 0.04 eV. For comparison,
the band structure for monolayer graphene (MLG) with a
(V7x\7) periodicity is shown in Fig. 2(d). Note that MLG has two
linear bands, which cross each other at the Fermi energy (Er =0
eV in Figs.). The linear band means that the related electrons are
massless. This type of band structures is called Dirac Cone (DC).
On the other hand, tBLGs have four bands, as shown in Fig. 2
(a)~(c). If the two graphene layers in BLGs do not interact with
each other, there must be two bands like MLG due to the

(b) model 2

(a) model 1

Figure 1  Structures for tBGL with (V7xV7) periodicity. The
models 1 and 2 have three rotational-symmetry axes, whose
positions are indicated by red open circles, while the model 3
does not. Brown and green balls indicate C atoms in the first
and the second layer graphene.

-21-3



Annual Report of the Earth Simulator April 2022- March 2023

004 (a) model 1 (b) model 2 (c) model 3 (d) monolayer graphene (e) model 2
//
, , . /
/ /) AL A /
0.03 | Ar Y F RN Y 4
) \ /
0.02 - 1K S/ 4k 4k 4+ 4
N
001 | . 1k . 1k 4k 1k B
N\ // AN
3 AN / N\ A
T N % S N
5 N > e
i AN T /'
001 |- h RS RS g 4 F B P B
\ / N
0.02 [ 4 F 1 F 1 F 4 F AN 4
/N
0.03 1r S 4+ 4k 4
-0.04
Me— K — > TVMe— K —>» I Me— K —>»IMe— K —>»Tr Me— K —>»T

Figure 2 Band structures of tBGLs with (7xV7) periodicity around the K point and the Fermi energy (0eV). (a)~(c) band
structures for the models 1~3, (d) that for a monolayer graphene and (e) that for the model 2 with the interlayer distance being 3A.

The capitals M and I do not indicate the real M and I points but only indicate the direction from the K point to those.

degeneracy. The existence of separate four bands means that the
two graphene layers interacts with each other. Those four bands
are parabolic in the very vicinity of the K point differently from
MLG, and linear in other area like MLG. This indicates that
electrons around the K point are massive, while those in other
area are massless. In details, the model 1 has gapless bands and
two parabolic bands are degenerate at the K point and Er. The
band dispersion in the direction from the K point to the M point
is same as that from the K point to the I" point. This means that
those bands have a rotational symmetry around the K point. The
models 2 and 3 have energy gaps of ~1.8 meV. This fact indicates
that the band gaps can be continuously varied by the relative
translation between the two layers. The bands of the model 2
have a rotational symmetry around the K point like the model 1,
while those of the model 3 do not, because the band dispersion
from the K point to the M point is different from that from the K
point to the I point. As explained above, the models 1 and 2 have
rotational-symmetry axes, while the model 3 does not (see Fig.
1). This must be related to the band structures around the K point.

The fact that the two graphene layers interact with each other
means that the band structures of tBLGs can be varied due to the
change in the interaction. To see the effect of uniaxial
compression, we study the model 2 with its inter-layer distance
being 3 A, which is referred as model 2 hereafter. The band
structures of the model 2’ are shown in Fig 2(e). The area where
the bands are parabolic are largely extended compared with those
of the model 2. Also, the band gap is largely widened to 14.1 meV.
This indicates that the band gap of a tBLG can be varied by the
uniaxial compression. We confirmed by the calculation on the
ideal hexagonal structures that the parabolic bands of BLGs are
not caused by the local atom arrangement, but are caused by the
interlayer interaction.

We also calculated tBLGs with periodicities of (V13xV13),
(V19xV19)... and obtained the similar results, while the energy
gap depends on the periodicity. We will further investigate the

relation between the band structures and the periodicity.

4. Summary

We theoretically investigated the electronic structures of
tBLGs. It is found that BLGs have parabolic bands around the K
point instead of linear bands shown in MLG, and an energy band
gap depending on their stacking. We found that the band gap can
be varied by the translation and the uniaxial compression. This
knowledge must be useful for the design of graphene-based
electronic devices.
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