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Abstract

Electronic properties such as band structure and Fermi velocity in low-angle
twisted bilayer graphene (TBG) are intrinsically dependent on the atomic struc-
ture. Rigid rotation between individual graphene layers provides an approxi-
mate description of the bilayer symmetry. Upon relaxation, in-plane displace-
ment of the atoms in low angle TBG causes a change in the symmetry through
the enlargement of the AB stacking regions and the reduction in size of AA
and SP stacking regions. However, the effect of this in-plane relaxation on the
charge density remains unexplored, because the necessary electronic structure
calculations of such large supercells of low twist angle TBG are computation-
ally infeasible. Therefore, we develop a computationally efficient framework
that enables the exploration of the charge density symmetry of the low twist
angle TBG. This framework is based on the Fourier representation of the charge
density which presents high intensity Bragg peaks. We find that with the de-
crease of twist angle, low intensity satellite peaks also become apparent. Our
framework incorporates these satellite peaks which reveals transformation of
symmetry in the charge density distribution from high to low twist angle TBG.

One striking outcome is the demonstration of the electron localization in the
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AA region of low twist angle TBG. Our framework helps to explain the effect of
the atomistic relaxation on the charge density distribution and thus, it provides
information about exotic electronic properties of low twist angle TBG at a low
computational expense.
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moiré, electron localization

1. Introduction

In twisted bilayer graphene (TBG), moiré patterns emerge due to the rel-
ative rotation between the graphene layers [1, 2]. Changing this rotation or
twist angle provides an excellent avenue for manipulation of electronic proper-
ties [3, 4, 5, 6, 7]. For example TBG of high twist angles (§ >> 1.08°) show
presence of Dirac cones in the band structure similar to the monolayer graphene
[8]. On the contrary, TBG of low twist angles (§ << 1.08°) show strong elec-
tron localization.[9, 10]. Moreover, at the precise value of 1.08° which is known
as the "magic angle”[11], experimental evidence[12] of unconventional super-
conductivity has spurred a lot of interest for TBG in the scientific community.
Computational studies have foreseen this effect almost a decade before it was
first reported. These early studies[11, 13] showed that flat bands appear in the
band structure of the TBG at the "magic angle” even without structural re-
laxation. The role of structural relaxation was later assessed [14] which shows
better agreement with experimental and theoretical band structures.

The structural relaxation causes significant change in the moiré symmetry
from its unrelaxed counterpart. The moiré pattern in the unrelaxed flat TBG
produces periodic variation of different stacking regions, where the moiré period
varies inversely with the twist angle. With the decrease of the twist angle,
the unstable AA region in the TBG increases in size without relaxation. [15].
Therefore, the misfit energy is higher for low twist angle TBG. The interplay
of van der Waals interactions between the layers leads to an in-plane relaxation

which reduces the mismatch in low twist angle TBG by enlarging perfect or semi-



perfect AB/BA region [15, 16] . Such in-plane relaxation is absent for high twist
angle TBG [17]. This in-plane relaxation produces an in-plane displacement field
in the TBG which causes a symmetry change in the moiré pattern from high to
low twist angles [18]. This type of symmetry change in low twist angle TBG is
also referred to as structural reconstruction. Some recent works have pointed
out that these structures can be represented in terms of dislocation networks
[15, 19]. Transmission electron microscopy (TEM) experiments have confirmed
this structural reconstruction by showing that the size of the AB/BA stacking
domain increases, while the AA stacking domain size decreases in the low twist
angle TBG [20, 21, 22].

Exotic electronic properties such as flat bands and superconductivity of low
twist angle TBG have inspired the researchers to explore the atomic structure
by using continuum models [15, 19, 23] and molecular dynamics simulations [24,
25]. The structural reconstruction has also been studied by diffraction patterns
obtained from Selective Area Electron Diffraction (SAED) in both experiments
and simulations [16, 21]. In high twist angle TBG, hexagonal Bragg peaks
appear in pairs in the diffraction patterns because of the six-fold moiré symmetry
[21, 26, 22]. Due to the structural reconstruction in the low twist angle TBG,
low intensity satellite peaks appear around the Bragg peaks of the diffraction
patterns of the structure [16, 21]. These satellite peaks in Fourier space are a
signature of the structural reconstruction in the real space. Although structural
reconstruction in TBG has been extensively studied both in real and Fourier
space, its effect on the electronic structure has not yet been explored. Indeed,
electronic structure calculations such as density functional theory (DFT) are
computationally complex and usually limited to system sizes of several hundreds
of atoms. Besides, the size of the moiré supercell increases when twist angle
decreases [9]. For example, a rectangular TBG supercell of 1.08° twist angle
contains 22,328 atoms, whereas a rectangular TBG supercell of 4.4° twist angle
has 1352 atoms. Therefore, an electronic structure description for low twist
angle TBG remains out of reach due to the high computational cost. In order

to analyze the origins of the electronic properties of low twist angle TBG, there



is a need for better models to explore the relationship between the moiré pattern
and the charge density distribution of low twist angle TBG.

In this paper, we present a computationally efficient framework to demon-
strate the charge density symmetry in low twist angle TBG. We have carried
out DFT simulations for high twist angle TBG to investigate the charge density
and devised a framework to map the charge density to low twist angles. This
framework is based on Fourier transformation of charge density field, which al-
lows us to observe its diffraction pattern. In the diffraction pattern of the charge
density, we also see presence of Bragg peaks which reveals the moiré symme-
try. Through our framework, it is possible to see the effect of the structural
reconstruction in the charge density symmetry of the low twist angle TBG. Our
computational framework will enable determination of charge densities of larger
graphene systems, and can be adapted and used to investigate the charge den-
sity distributions in other multilayer 2D materials including transition metal

dichalcogenides.

2. Framework of charge density mapping in twisted bilayer graphene

To limit the degrees of freedom in our calculations, we need the smallest
periodic moiré supercell of TBG. The smallest moiré supercell of the TBG is
hexagonal which only occurs at some particular twist angle and encompasses
only one AA region [9, 27, 28]. However, we choose a rectangular supercell of
TBG in this study even though it is larger by a factor of two than the hexago-
nal supercell because the rectangular supercell has shown additional modes of
deformation [15]. Figure 1 (a) shows a 3D view of TBG of 4.4° twist angle, in
which the charge density is probed at a height h = 3 A above the TBG, referred
to as the charge density probing plane. Scanning tunneling microscopy (STM)
experiments probe the local density of states above the surface of a material.
Therefore, we label the TBG layer underneath the probing plane as the top
layer and consequently, the other layer is labelled as the bottom layer. Figure 1

(b) demonstrates an unrelaxed moiré structure in flat TBG. Upon relaxation,



there are out-of-plane atomic displacements that produce a corrugated struc-
ture in the TBG [9, 4, 29]. In Figure 1 (c¢), the variation of interlayer distance
illustrates the corrugation in the relaxed TBG. While half of the atoms in the
AB region are not exactly on top of each other, all atoms of the AA stacking
region are exactly on top of each other. Consequently, the p, orbitals in the
AA regions are also aligned which causes greater repulsion in AA region than
in AB region. Thus, the atoms of the AA region have the largest interlayer
distance whereas the interlayer distance of the atoms of the AB region is the
lowest. Similar phenomena are also reported in the literature [4, 30].

For full relaxation, DFT simulations are carried out by using Vienna Ab
initio Simulation Package (VASP) [31] for several twist angles (4.4°, 6°, 7.3°, and
9.4°). Other computational models such as tight-binding model can compute
correct band shape and orbital character of bilayer graphene only near the Fermi
level [32]. Therefore, we adopt DFT simulations that can calculate accurate
orbital representation across a larger energy range. The number of atoms in
the rectangular supercell of TBG at these twist angles are 1352, 728, 488, and
296 respectively. These simulations are performed by employing the generalized
gradient approximation (GGA) functional of Perdew—Burke-Ernzerhof (PBE)
[33] along with the DFT-TS method developed by Tkatchenko and Scheffler
[34, 35]. The DFT-TS method is able to take into account the long-range vdW
interaction between the layers of TBG which is not well described by the PBE
method [36, 37]. The details of the simulation methods are provided in the

supplementary information: Section I.

2.1. Diffraction pattern of twisted bilayer graphene

In Figure 2 (a), the charge density of TBG of twist angle 4.4° is plotted at a
height 3 A above the top layer of TBG. This is a position selected to represent
the height at which scanning tunneling microscopy (STM) experiments probe
the local density of states. Although STM experiments are typically carried out
in constant current mode for TBG [38, 39, 40], we have chosen a constant height

probing plane following the theory of STM by Tersoff and Hamann [41]. We
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Figure 1: (a) 3D view of 4.4° TBG, in which charge density probing plane is at a height h = 3
A. The initial interlayer distance of the TBG is denoted as d, (b) Flat TBG of twist angle 4.4°,
where the blue and red networks indicate the atoms of the bottom and top layer respectively.
Because of the rotation of the layers, moiré patterns with wavelength L.c;; emerge in the
flat TBG. The moiré wavelength is defined as the distance between the two AA regions. (d)
Relaxed TBG of twist angle 4.4° with out-of-plane displacement of atoms, or corrugation,

illustrated in color.

note that the moiré effect is not apparent in the charge density distribution at a
height of less than 3 A [See supplementary information: Figure S1]. The moiré
pattern in Figure 2 (a) shows clear distinction between the AB/BA stacking
regions and the SP region. In this case, the AA, AB and SP stacking domain
sizes do not vary significantly with respect to the total area of the TBG due to
the lack of in-plane relaxation. The relaxed structure exhibits the out-of-plane
displacement of the atoms which leads to corrugation in the TBG structure, as
shown in Figure 1 (c¢). Since the atoms of the AA stacking region of the top
layer displace upwards, these atoms are closer to the probing plane. Thus, the
charge density is correspondingly higher in the AA region.

There are two types of diffraction patterns considered in our analysis: the
diffraction pattern of the structure and the diffraction pattern of the charge
density. The diffraction pattern of the structure is usually obtained by Fourier

transformation of the structural coordinates. However, we assume that the
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Figure 2: (a) Charge density of 4.4° TBG at a plane 3 A away from TBG. (b) Diffraction
pattern obtained by fast Fourier transformation (FFT) of the charge density field shown in
Figure (a). Here, f; and fy are the frequencies of the charge density distribution along the
horizontal and vertical direction. The zeroth (po), first (11), second (u2) and third (u3) order

moiré Bragg peaks are shown by the boxes.

diffraction pattern of the structure can be described by Fourier transformation
of the energy field in molecular dynamics simulations. The results are in good
agreement with continuum simulations [16] and experiments [21]. On the other
hand, The diffraction pattern of the charge density is obtained by Fourier trans-
formation of the charge density field. The diffraction patterns usually possess
information about the symmetry, lattice constant and orientation of a material.
For example- the electron diffraction pattern of the monolayer graphene has six
Bragg peaks arranged in a hexagonal manner, which demonstrates the six-fold
symmetry of graphene in reciprocal space [42]. However, The diffraction pat-
tern of TBG is more complex because of the presence of multiple orders of the
Bragg peaks, as shown in Figure 2 (b). The diffraction pattern of the charge

density manifests first, second, and third order Bragg peaks in pairs and the
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(a) Charge density of TBG of twist angles § = 4.4°, 6°, 7.3°

Figure 3:

(b) Charge density of TBG of twist angles § = 4.4°, 6°, 7.3°, and

by DFT simulation.

9.4° obtained by inverse Fourier transformation of the diffraction patterns. Here, the charge

density is probed at the height 3 A above the TBG for all cases.



pairs in each order are arranged in a hexagonal manner. Moreover, each pair is
separated by a distance which is inversely related to the moiré wavelength [43].
The zeroth order Bragg peaks are form a hexagon which indicates the six-fold
symmetry of the moiré in TBG. Therefore, the zeroth order Bragg peaks are
directly related to the longer moiré wavelengths in the charge density distribu-
tion. In the first order peaks, the intensity of one peak of the pair is higher than
that of the other. This can be attributed to the dominance of the charge density
of the top layer, which is closer to the probing plane. In some recent studies
[16, 21], the zeroth order Bragg peaks in the diffraction pattern of the structure
are ignored in the discussion because these peaks are considerably smaller than
the higher order peaks. However, we find that the zeroth order peaks in the
diffraction pattern of the charge density possess important information about
the moiré pattern in the charge density field.

There are small intensity peaks in the diffraction pattern which are satu-
rated in the white background for visualization purpose, as shown in Figure 2
(b). These small intensity peaks are are at least one order smalller than the
smallest zeroth order Bragg peaks and can be considered as noise stemming
from the numerical calculations involved in the DFT simulations and Fourier
transformation. Thus, we filter out these negligible peaks and inverse Fourier
transform the filtered diffraction pattern. This gives us the charge density field
which is in very good qualitative agreement with the charge density distribu-
tions obtained from DFT simulations. In Figure 3, we show the charge density
of TBG at different twist angles obtained from DFT simulations and diffraction
patterns. We should also note that the moiré symmetry of the charge density

remain qualitatively similar across this high twist angle regime.

2.2. Extrapolation scheme of the Bragg peaks

The intensity of the Bragg peaks in the diffraction pattern is the amplitude
Ap of the complex FFT signal. There is a real component R, an imaginary
component I and a phase angle ¢ for each of these Bragg peaks which can be

expressed as:
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Figure 4: Plot of (a) the ratio of amplitude to the number of atoms (Ap/Natoms) and (b) the
phase angle of the Bragg peaks for different twist angles. It shows that the ratio Ap/Natoms
and the phase angle of the Bragg peaks of the same order are invariant with respect to twist

angle.

Ap =R+ I?, (1)

6= tan(). 2

In Figure 4 (a), it is shown that the ratio of the amplitude of the Bragg
peaks of each order to the number of atoms in TBG (Ap/Ngtoms) is constant as
a function for varying twist angles between ~ 4°-10°. So the amplitude of the

Bragg peaks of the same order is directly proportional to the number of atoms,
AB = KNatoms (3)

where K is a proportionality constant. Similarly, the phase angle of the Bragg
peaks of each order is also constant for different twist angles, as shown in Figure
4 (b). By utilizing these relations, we can extrapolate the values of the phase
angles ¢ and the amplitude A of the Bragg peaks to lower values of twist angle
than 4.4°. For twist angles greater than 4.4°, we can obtain these values directly

from our DFT simulations, using moderate computational resources and time.
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Furthermore, we can also obtain the real and imaginary components of the
Bragg peaks for low twist angles. In the supplementary information Figure S2,
the extrapolated real and imaginary components of the Bragg peaks are shown

for lower twist angle cases.

2.8. Effect of structural reconstruction on the charge density

Structural reconstruction occurs in low twist angle (j 1.47°) TBG, where the
AA and the SP stacking domain sizes become smaller and the AB domain size
becomes larger due to relaxation [15, 17, 21]. Molecular dynamics (MD) relax-
ation simulations are carried out using LAMMPS [44] to analyze the structural
reconstruction in low twist angle TBG. The details of the simulation methods
are described in the section I of supplementary information. From Figure 5 (a)
and (b), we can observe the enlargement of the AB/BA domain size along with
the shrinking of the AA domain due to the relaxation. The effect of the struc-
tural reconstruction is also visible in the diffraction patterns of the structure.
In the inset of Figure 5 (a) and (b), we show the zeroth order Bragg peaks of
the diffraction pattern of the structure. The zeroth order Bragg peaks form
a hexagonal ring around the central peak, showing the six-fold moiré symme-
try of the unrelaxed moiré. However, in the relaxed configuration, structural
reconstruction results in the appearance of satellite peaks, as shown in 5 (b).
Similar satellite peaks also appear in the higher order Bragg peaks. The inset of
Figure 5 (b) also shows that the satellite peaks fade away as the distance from
the Bragg peak increases. The reduction of the moiré supercell size with the
increasing twist angle implies that the distance between the satellite peaks and
the corresponding Bragg peak in the Fourier representation grows with the twist
angles. As a result, the number of satellite peaks reduces with the increase of
twist angles and ultimately, vanishes at a certain high twist angle. This absence
of the satellite peaks also refers to the absence of the structural reconstruction
in TBG. By studying the diffraction patterns, we have established an empiri-
cal relationship between the intensity of the satellite peaks and its Bragg peak.

This relationship is Gaussian in nature, given by

11
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Figure 5: Distribution of energy in the (a) unrelaxed and (b) relaxed configuration of 0.99°
twist angle TBG. The Fourier transformation of the energy distribution for each case is shown
in the inset, where only zeroth order Bragg peaks are illustrated. In the diffraction pattern
of the unrelaxed configuration, a hexagonal ring is formed around the center, similar to the
diffraction pattern of the charge density shown in Fig. 2 (b). However, in the relaxed
configuration, the peaks in the hexagonal ring split into several low intensity satellite peaks.
(c) Plot of twist energy with the variation of moiré wavelength and twist angle. The shaded
region (1.4° j 6 | 2°) indicates a transition in the twist energy. The blue lines show the change

of slope of the twist energy from high to low twist angles.

AszABexp<—;(x;M>2>. (4)

where Ag and Ap are the intensity of the satellite peaks and the corresponding
Bragg peak respectively. p is the position of the Bragg peak, and x is the
distance between the satellite peaks and the main Bragg peak. Here, o is a
fitting parameter which depends on the twist angle and the order of the Bragg
peaks. This parameter determines the intensity of the satellite peaks compared
to the corresponding Bragg peaks.

The occurance of the structural reconstruction and the appearance of satel-
lite peaks coincides with a transition from a high to low twist angle regime.
In order to elucidate this transition, the twist energy as a function of moiré

wavelength and twist angle is illustrated in Figure 5 (c¢). The twist energy is

12



the energy required to rotate the atoms of the TBG [17] and it is given by

_ Fo—Fap (5)

As

where Fjy is the total energy of the TBG supercell, F4p is the energy of the
AB bilayer graphene of the same area as the TBG, and A; is the surface area
of the TBG. From Figure 5 (c), we can see that twist energy decreases with the
decrease of the twist angles. Nevertheless, there is a clear transition between
high and low twist angles in terms of the twist energy which is indicated by
a blue shaded region (1.4° j 6 | 2°). Since our study is limited to specific
commensurate twist angles only, it is not possible to pin-point a transition twist
angle. Moreover, the precise transition region may also differ depending on the
force-fields used in the molecular dynamics simulations. Several studies have
reported a different transition region than ours [17, 10]. In the high twist angle
regime (0 > 2.0°), there is a small reduction in twist energy with the decrease
of the twist angle. This small reduction (small slope) can be attributed to the
corrugation and formation of a domain wall between the AB and BA region
[19]. However, the rapid reduction (large slope) of twist energy in the low twist
angle regime (6 < 1.47°) is attributed to the local rotation of the atoms of AA
region [17]. As a consequence, AA region shrinks and AB region enlarges and
thus, in-plane displacement of atoms occur in the low twist angle TBG which
causes the structural reconstruction in the TBG. Consequently, satellite peaks
appear in the diffraction patterns of the low twist angle TBG.

The charge density symmetry of low twist angle TBG would remain similar
to that of the higher twist angle case if we only utilize the extrapolated Bragg
peaks in the diffraction pattern (See supplementary information: Figure S3).
To see the effect of the relaxation on the charge density, we account for the
satellite peaks observed in the structural case for low twist angle TBG, in order
to comprehend the effect of structural reconstruction on the charge density.
Here, we find the satellite peaks for the charge density diffraction pattern using
Equation 4, where Ap is the extrapolated Bragg peak for the low twist angles

from Equation 3. In Figure 6 (a), we see that the ratio of the intensity of the
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Figure 6: (a) Plot of ratio of intensity of the satellite peaks to the Bragg peaks of zeroth, first,
second and third order. The intensity of satellite peaks become weaker when the twist angle
increases. The inset shows the arrangement of the satellite peaks relative to Bragg peaks of
the first (p1), second (u2), and third (u3) order. Here, the orange and cyan squares represent
the Bragg peaks and the red and purple circles represent the satellite peaks of the orange
and cyan Bragg peaks respectively. (b,c) Diffraction patterns of the charge density field of the
1.47° twist angle TBG for the unrelaxed and relaxed configurations. Due to the fine resolution
of the peaks, peaks up to first order are shown. Moreover, the first order peaks are zoomed

in to show the distribution of the satellite peaks around the first order Bragg peaks.

satellite peak to the Bragg peak diminishes significantly with increasing twist
angle. This reduction implies weakening of the intensity of the satellite peak and
absence of the effect of structural reconstruction for high twist angles. In the
literature studies on the structure of TBG, the zeroth order peaks are typically
ignored in the structural diffraction pattern due to the smaller amplitude [16,
21]. On the contrary, we find that the ratio of the zeroth order peaks in the
charge density diffraction pattern is greater than that of the higher order peaks.
Therefore, the zeroth order peaks can not be ignored in our framework. In
Figure 6 (b) and (c), the charge density diffraction patterns for twist angle 1.47°
TBG in unrelaxed and relaxed configurations are shown. While the diffraction
patterns for the twist angle 4.4° remain unchanged for the unrelaxed and relaxed
cases (See supplementary information: Figure S4) , the diffraction patterns of
relaxed TBG of twist angle 0.99° is significantly different from its unrelaxed
counterpart. This can be attributed to the in-plane relaxation of low twist angle

TBG for which satellite peaks appear in the diffraction pattern. Therefore, the
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inverse Fourier transform of the diffraction pattern including satellite peaks
reveals the effect of structural reconstruction on the charge density of low twist

angle TBG.

3. Discussion

The inclusion of satellite peaks in the diffraction pattern changes the moiré
symmetry of the charge density in low twist angle TBG. Figure 6 demonstrates
that AA regions shrink and AB/BA regions becomes larger in the charge density
plane when twist angle decreases. In the structural reconstruction, the shape
of the SP region is characterized by the formation of narrow dislocation lines
connecting the AA regions [15, 45]. Interestingly, we find a narrow line of high
charge density in the SP region which connects the AA regions and separates
AB and BA regions, as shown in Figure 7. STM topography also shows for-
mation of narrow domain walls in the SP region and the expansion of AB/BA
regions as twist angle decreases [38, 46]. Besides, nano-Raman spectral imaging
illustrates that six strain solitons (SP region) meet at an energetically costly re-
gion (AA region) in TBG [47]. Such phenomena have been distinctly observed
in the charge density field of the low twist angle TBG in Figure 7. In addition,
theoretical studies report electron localization in both AA regions [10] and SP
regions [48]. Using our framework, we also find that there are two high charge
density region: AA and SP which signifies electron localization in these regions.
This electron localization becomes stronger as twist angle decreases. Several
important physical phenomena at the low twist angle regime of the TBG such
as reduction of Fermi velocity and the flat band formation can be attributed to
the electron localization [9].

In the high twist angle regime, the intensity of the satellite peaks becomes
very weak and there is no effect of structural relaxation as well. As a result, the
charge density symmetry of 2.0° and 2.88° TBG shows perfect moiré structure.
This is in agreement with Figure 5 (c¢), where the twist energy of TBG is higher

for the twist angles exceeding 2.0°. In this case, there is no in-plane displacement
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Figure 7: Fourier reconstructed charge densities at a plane 3 A above the TBG top layer for
twist angles (a) 0.99°, (b) 1.05°, (c) 1.16°, (d) 1.47°, (e) 2.0°, (f) 2.88°, and (g) 3.89°. The
Bragg peaks are extrapolated using the relation that the amplitude is proportional to the
number of atoms and the phase angle is constant with respect to twist angle. The satellite
peaks are introduced around the principal Bragg peaks to capture the effect of structural
reconstruction. Lastly, the diffraction patterns incorporating both the Bragg peaks and the
satellite peaks are inverse Fourier transformed to obtain the charge density fields at the low

twist angles.
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of atoms to cause structural reconstruction. Consequently, the effect of the
structural reconstruction is also absent in the charge density field.

Although we have illustrated the application of our framework at the probing
plane h = 3 A above the TBG, our framework is not limited to any specific
probing plane. Rather, it can be modified and employed to probe the charge
density at any plane. We find that the order of the Bragg peaks, the intensity
of the Brag peaks and its corresponding satellite peaks change as a function of
the position of the plane. In the supplementary information: Figure S6, the
Fourier reconstructed charge density of the TBG at the mid-plane in between
the layers for different twist angles are shown. Thus, our framework is versatile

to probe charge density at any plane.

4. Conclusions

We develop a computationally efficient framework to explore the charge den-
sity symmetry of low twist angle TBG. Upon relaxation of low twist angle TBG,
in-plane displacement of atoms takes place which changes the moiré symmetry
from the unrelaxed moiré structure. The influence of the different moiré sym-
metry at low twist angles on the electronic structure is yet unknown, because
it is not possible at this time to carry out a sufficiently large DFT simula-
tion. However, due to the remarkable electronic properties of low twist angle
TBG, investigation of the electronic structure of low twist angle TBG remains
important. Our framework enables studying charge density symmetry for low
twist angle TBG in a computationally efficient way. We use FFT to obtain the
diffraction patterns of the charge density of high twist angle TBG, which re-
veals Bragg peaks of different order. The inverse Fourier transformation of the
filtered diffraction pattern produces similar charge density symmetry as that of
DFT without compromising accuracy. In addition, we develop an extrapolation
scheme to extrapolate the Bragg peaks for the low twist angle TBG. We find
that the Bragg peaks are not enough to capture the effect of structural recon-

struction at the low twist angles, and observed that the structural reconstruction
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in real space creates low intensity satellite peaks in the Fourier space. Incor-
porating the satellite peaks in our framework, we find that the charge density
symmetry significantly changes in the low twist angle TBG. There are two high
charge density areas in the charge density field of low twist angle TBG : the AA
and SP regions of the moiré pattern. The SP high charge density line connects
the AA high charge density regions and separates the low charge density AB
and BA regions. Significant electron localization is observed in the low twist
angle regime, and it intensifies with the decreasing twist angle. Moreover, our
framework outlines a mechanism to probe charge denisty of TBG at any plane.
Thus, our framework will create a pathway to investigate the charge density
distribution of twisted bilayer graphene of low twist angles, and thereby con-
tribute to the analysis of a range of different electronic properties of low twist
angle TBG. Combining our understanding of Bragg peaks from DFT and the
satellite peak observations from classical force fields, it is possible to modify our
framework following the underlying diffraction pattern of any two dimensional

material and predict the charge density of their twist angle bilayer system.
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