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Recent experiments on magic-angle twisted bi-layer graphene have attracted intensive attention due to
exotic properties such as unconventional superconductivity and correlated insulation. These phenomena
were often found at a magic angle less than 1.1°. However, the preparation of precisely controlled bi-layer
graphene with a small magic angle is challenging. In this work, electronic properties of large-angle
twisted bi-layer graphene (TBG) under pressure are investigated with density functional theory. We

demonstrate that large-angle TBG can display flat bands nearby the Fermi level under pressure, which

Received 13th January 2021,
Accepted 18th April 2021

DOI: 10.1039/d1nr00220a

may also induce interesting properties such as superconductivity which have only been found in small-
angle TBG at ambient pressure. The Fermi velocity is found to decrease monotonously with pressure for
large twisted angles, e.g., 21.8°. Our work indicates that applying pressure provides opportunities for flat-
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Introduction

Since the exfoliation of high quality graphene in 2004," it has
attracted great attention due to its unique electronic,
thermal,®> and mechanical properties.* Among its many
superior properties, electronic properties are significantly
important for the next-generation electronic devices and are
strongly dependent on the number and the stacking order of
graphitic layers for multilayer graphene.”" By stacking two
layers of graphene and rotating them to a certain angle, a
novel superlattice called a Moiré pattern will be formed.">™*
The interaction between the two layers of graphene in the
superlattice leads to a series of novel phenomena, particularly
for small twisting angles, such as unconventional supercon-
ductivity’”® and correlated insulation,'® pseudo-magnetic
fields,"” orbital magnets,'® charge order,'® Chern insulation,*
etc. Furthermore, these phenomena are often related to some
unique electronic structures of twisted bi-layer graphene
(TBG), such as the appearance of two Van Hove singularities
(VHSs) at magic angles,*** the renormalization of Fermi vel-
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band engineering in larger angle TBG and supports further exploration in related investigations.

ocity at the Dirac point, and Landau quantization.>* >’

Recently, Cao et al. found the Mott insulator behavior and
superconducting phase in TBG at a critical temperature of
1.7 K for a twisting angle of around 1.1°.">'® This angle has
been referred to as a magic angle, corresponding to a Moiré
period of ~13.5 nm. The findings provide an additional
mechanism for the traditional superconducting materials
which has puzzled researchers for decades.”® Although the
interesting findings have attracted intensive interest,> >
understanding of the mechanism of superconductivity needs
further efforts. At ambient pressure, flat bands are created in
TBG when the rotation angle reaches the magic angle, imply-
ing an unconventional superconductor phase, which was
explained by Padhi et al. using a Wigner crystallization
model.>* However in a recent study, the superconductivity
observed in TBG has been regarded as a consequence of the
Kohn-Luttinger (KL) instability*® which leads to an effective
attraction between electrons with originally repulsive inter-
action. Apart from these, the researchers also considered the
impact of chemical or physical modulations on the properties
of TBG, including chemical doping,® electric field,*
pressure,***>?° etc. For instance, Yndurain®® et al. theoretically
unveiled the possibility of creating magnetic structures in com-
pressed TBG with a larger twist angle, 5.08°. Flat-band angles
were found again by Yankowitz and co-workers,*™*” opening
an avenue to creating partially filled bands for angles slightly
deviating from magic angles. Very recently, Gao et al. demon-
strated that a graphene/h-BN Moiré superlattice can open up a
band gap of ~70 to 90 meV at the primary Dirac point at a
pressure of 8.3 GPa with a twist angle of ~1.8°.*% Although
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Culchac et al. reported flat bands and gaps in ~2°-TBG using
the tight-banding method,*® most of the existing related works
focused onto twisting angles of less than 2°; the exciting physi-
cal phenomena in TBGs with small twisted angles are not
found in larger angles at ambient pressure.’”*! In fact,
pressure plays an important role in modulation of electronic
properties with respect to two-dimensional materials.*>** A
natural question is whether TBGs with larger angles could also
show interesting electronic properties under pressure. To the
best of our knowledge, attempts on investigating the electronic
structure of TBG under high pressures at large angles (more
than 9°) are rare.

In this work, we report the emergence of flat bands close to
the Fermi level of TBG for higher angles under high pressures
with an ab initio approach. We show that for twisting angles
ranging from above 9° up to nearly 30°, the dispersion
relationship of TBG is linearly identical to that of single-layer
graphene (SLG) at the K point. However, it drastically changes
under external pressure, and their eigenvalue spectra display a
flat band around the Fermi level. Consequently, electron corre-
lations take place.

Calculation methods

All our calculations were performed with density functional
theory (DFT) as implemented in the Vienna Ab initio
Simulation Package (VASP)** by using Perdew, Burke, and
Ernzerhof (PBE) generalized gradient approximation (GGA)*®
for the exchange-correlation functional.”® The projector aug-
mented wave’” potentials were adopted to describe the inter-
action between ions and valence electrons and to ensure the
accuracy of the calculation; the energy cut-off of the plane
wave was set to be 500 eV. The relaxation of atomic positions
was performed using the conjugated-gradient method until
the Hellmann-Feynman force of each atom was smaller than
0.02 eV A™" and the energy tolerance was 10> eV. K points
sampling of the Brillouin zone was achieved by a I'-centered
method for geometric optimization and static self-consistent-
field calculation with reciprocal spacing distances of 0.04 A~
and 0.025 A™', respectively. For band structure calculations,
the high symmetry point path I" (0.000, 0.000, 0.000)-M (0.000,
0.500, 0.000)-K (0.333, 0.667, 0.000)-I" (0.000, 0.000, 0.000) was
adopted since the angle between OA and OB of the simulation
cell is 60°. As the periodic boundary condition was applied in
all three dimensions, the height of the unit cell was set to 16 A
to include enough vacuum to minimize the interaction
between adjacent layers. To describe long-range van der Waals
interaction between two graphene layers, Grimme’s
DFT-D3 method*® was used in all calculations. A Gaussian
type smearing of 0.05 eV was used for geometry optimization.
For the calculation of density of states, the energy window of
smearing was chosen as 0.1 eV. The spin-restricted method
was adopted after extensive testing. All the parameter values
given above were carefully tested and optimized. Pressure (P)
was calculated by P = F/S, where F is the sum of the forces on
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one graphene layer along the Z direction due to the coulombic
repulsion, and S is the area of the simulation cell, as widely
used in previous studies.**® The interlayer distance of two gra-
phene layers, e.g., on 9.4°-TBG, was reduced from 3.64 A under
ambient conditions to 3.64, 3.24, 2.84 and 2.44 A to load press-
ures, corresponding to pressures of 0.0, 5.28, 24.28 and 75.52
GPa, respectively. Note that the Fermi velocity can be deduced
from the slope of the dispersions at the Dirac point along the

10E
I'-K direction using the formula vy = ok and sampling 120

points within the distance of 0.037 A™" near by the high sym-
metry point K for the calculation of Fermi velocity.

Results and discussion

The description of an infinitely large 2D material needs a peri-
odic model, which can only be achieved at a commensurate
twisting angle between two graphene layers.'**° For this study,
we constructed models (see Fig. S17) for TBGs of four different
angles, ie., 9.4°, 13.2°, 21.8°, and 27.8°, containing 148, 76,
28, and 52 carbon atoms in a unit cell,*® respectively, from AA-
stacked bi-layer graphene (BLG). The axis of rotation passes
through the carbon atoms facing up and down. The consider-
ation of small angles leads to a much larger unit cell at a com-
mensurate angle;*® thus we only consider these four angles
because of the limitation of computing resources.

Fig. 1 shows the band structures and density of states of
9.4°-TBG without compression (a separation of 3.64 A between
two layers) or under pressure of 75.52 GPa, respectively. In
Fig. 1(a), the linear dispersion appearing in SLG in the vicinity
of high-symmetry point K is observed while degenerated by
two folds, resulting in fourfold degenerate states from the p,
orbital of the carbon atom, similar to that reported in ref. 32.
The shape of the density of states is therefore similar to that of
SLG, as shown in Fig. 1(b), which can be attributed to the
weak effective interlayer coupling for a larger twist angle.>*>*>!
Two weak peaks, commonly called VHSs flanking,>* approxi-
mately 0.6 eV in energy far away from the Dirac point, are
observed as indicated by the black arrows, agreeing well with
previous experimental data.** After applying a pressure of
75.52 GPa onto BLG, three remarkable features different from
the original situation are unveiled as shown in Fig. 1(c and d).
Firstly, we can see that the linear dispersion around the K
point disappears, which means the massless fermion feature
vanishes.?® Secondly, two bands near the Fermi level split and
get flat similar to that found in magic-angle TBG,"” ascribed to
the larger interaction between layers,'*'*>* due to enhanced
coupling and localization of electrons induced by external
pressure.®” In addition, the two peaks close to the Fermi level
as indicated by the black arrows are broadened in Fig. 1(d)
owing to the emergence of flat bands near the Fermi level.

In order to obtain better knowledge of the electron localiz-
ation of TBGs under pressure, the electron localization func-
tion (ELF) and partial charge density (PCD) of the top valence
band and bottom conduction band for 9.4°-TBG at pressures
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Fig. 1 Band structures and density of states of a unit cell corresponding
to a 9.4° angle between the two layers (a and b) without external
pressure and (c and d) with a pressure of 75.52 GPa. The black arrows
indicate the locations of VHSs.

of 0 GPa and 75.52 GPa have been calculated, as shown in
Fig. 2 and Fig. S3.7 A two-dimensional slice of the ELF parallel
to the graphene layer and located right at the middle of the
two layers is considered. The ELF in Fig. 2(a) indicates the elec-

0.2

¥
Fig. 2 2D slices of ELF at the middle of the two graphene layers of
9.4°-TBG at pressures of (a) 0 GPa and (b) 75.52 GPa, respectively. PCD
of the top valence band for 9.4°-TBG at pressures of (c) 0 GPa and (d)

75.52 GPa, respectively. The dashed line indicates the unit cell of 9.4°-
TBG. The iso-surface value is 6 x 10™* e Bohr ™.
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trons are highly delocalized in the interlayer space at ambient
pressure, and significantly localized in the interlayer space
after applying a pressure of 75.52 GPa due to the enhanced
interlayer interaction, as shown in Fig. 2(b). Besides, the PCDs
of the top valence band and bottom conduction band of 9.4°-
TBG show that the electrons are spread across the graphene
layer at 0 GPa in Fig. 2(c) and Fig. S3(a),T respectively, thus
indicating a delocalized nature of the electrons, which has
been widely reported.®*>* When a pressure of 75.52 GPa is
loaded, the PCDs of the top valence band and bottom conduc-
tion band show an obvious gathering of electrons at the AA-
stacking region and decreased electron density at the AB-stack-
ing region in Fig. 2(d) and Fig. S3(b),T respectively, indicating
a localized nature of the electrons. In addition, the differential
charge Aq (see definition in the ESI{) is calculated to describe
the charge gathering in real space in each carbon layer. Ag
equals 0.17 e~ when P = 75.52 GPa, which reveals a larger
unevenness of the charge distribution within the layer, com-
paring to Ag equaling 0.09 e™ at 0 GPa.

To further verify whether VHSs appear under pressure near
the K point, three-dimensional band structures of the valence
band maximum (VBM) and conduction band minimum (CBM)
in a two-dimensional Brillouin zone (2DBZ) around the K
point are shown in Fig. 3(a). Regions 1 and 2 marked with the
red dotted frames in Fig. 3(a) indicate the saddle shape
regions. To clarify the essential feature of the saddle shape
more clearly, the projection mapping of CBM and VBM is
shown in Fig. 3(b and c). The saddle point is the maximum in
one direction and the minimum in the other direction in the
3D band structure,®® causing the formation of VHS.>® Differing
from the reported sharp peak at the Fermi level for 5.08°-TBG
under 2.19 GPa in ref. 36, our simulation shows a broad peak
for 9.4°-TBG under 75.52 GPa. In the past few decades,
researchers have considered that the mechanism of high-temp-
erature superconductivity is related to the expansion of VHSs
near the Fermi surface.’® % In fact, VHSs have been found in
high-temperature cuprate superconductors by angular resolu-
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Fig. 3 (a) Three-dimensional band structures of VBM and CBM
sampling around the K point for a 9.4° twisted angle under a pressure of
~75.52 GPa. Red regions 1 and 2 show the VHSs at the highest valence
band and lowest conduction band, respectively. Projection mapping of
the (b) CBM and (c) VBM, in which the black points indicate the location
of the K point.
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tion photoelectron spectroscopy.’”®® Superconductivity or
some other strong correlated phenomena may be found for
these twisting angles under high pressures when experimental
conditions are satisfied. Similar features were also discovered
for the other three angles under higher pressures, as shown in
ESI Fig. S4-7.F

The emergence of a flat band in the electronic structure
may be an important character behind many novel and excit-
ing phenomena.'>'%3%3%3¢ Ag described above, the density of
electronic states of TBG drastically increases near the Fermi
level due to the presence of a flat band under high pressures.
We chose the integrated density of states (IDOS) normalized to
the number of atoms in a unit cell as a quantitative indicator.
Specifically, we have calculated the IDOS in an energy range
from —0.2 to 0 eV for four angles under the same pressure of
~46.5 GPa. As shown in Fig. 4(a), the IDOS decreases with the
increase in twisting angle, suggesting that the achievement of
the flat band for small twisting angles requires relatively
smaller pressures. This conclusion matches well with the
results in ref. 32, in which pressures of 3.5 GPa for a 1.47°
twisting angle and 9.2 GPa for a 2.00° twisting angle were com-
pared. Besides, Y. Cao" et al reported superconductivity
phenomena in 1.05°-TBG at ambient pressure, and
Yankowitz®' et al. further presented the superconductivity and
insulating states by applying 2.21 GPa hydrostatic pressure in
TBG with larger angle of 1.27°. In addition, Fig. S8t shows the
increased IDOS with increasing pressure for different twisting
angles, and we could also find that smaller angle benefits the
increased IDOS and thus the flat band. It should be pointed
out that a flat band scenario has become a fingerprint for the
occurrence of superconductivity,’” thus providing probability
in the realization of superconductivity in larger angle TBGs
under pressure.

The Fermi velocity is a good measurement of the degree of
electron localization. As we know, the wave function of elec-
trons in graphene possesses unique behaviors such as chirality
and the Klein paradox, implying that the electrons in graphene
are mostly delocalized. The localization and dependence of the
Fermi velocity of localized electrons on angles in TBG were
reported theoretically in ref. 26. Pressure may act as another
knob for realizing the scenario. In Fig. 4(b), the ratio of the
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Fig. 4 (a) Integrated density of states (IDOS) normalized to the number
of atoms in a unit cell for four twisting angles under a pressure of ~46.5
GPa. (b) Change in the Fermi velocity (v¢) at the Dirac point with pressure
in 21.8°-TBG, normalized to vg; the Fermi velocity for perfect graphene
is ~10°ms™L.
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Fermi velocity at the Dirac point in compressed TBG to the
Fermi velocity in SLG is plotted as a function of external
pressure. We can see that v is almost the same as that in SLG
without external pressure, confirming the relatively weak coup-
ling in the bilayer graphene at ambient pressure. For the whole
range of the pressures considered, the Fermi velocity shows a
monotonic decrease, indicating the increasing localization of
electrons with pressure.”® As a result, the electron kinetic
energy might exceed the scale of the two-particle Coulomb
interaction, leading to correlated behavior.

Conclusions

In summary, we performed ab initio calculations to explore the
electronic properties of TBGs under pressure for four large
twisting angles. We showed that applying external pressure
induces the appearance of flat bands and VHSs near the Fermi
level in large angle TBGs. Our study indicated that the emer-
gence of flat bands at low angles requires relatively smaller
pressures. We also demonstrated that the Fermi velocity is
reduced with pressure, suggesting the increasing localization
of electrons and enhanced correlation. Applying hydrostatic
pressure may provide opportunities for flat-band engineering
in large angle TBGs, supporting further experimental
exploration.
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