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Abstract

Twisted double bilayer graphene (tDBLG) is a moiré material that has recently generated significant
interest because of the observation of correlated phases near the magic angle. We carry out
atomistic Hartree theory calculations to study the role of electron—electron interactions in the
normal state of tDBLG. In contrast to twisted bilayer graphene, we find that such interactions do
not result in significant doping-dependent deformations of the electronic band structure of
tDBLG. However, interactions play an important role for the electronic structure in the presence of
a perpendicular electric field as they screen the external field. Finally, we analyze the contribution
of the Hartree potential to the crystal field, i.e. the on-site energy difference between the inner and
outer layers. We find that the on-site energy obtained from Hartree theory has the same sign, but a
smaller magnitude compared to previous studies in which the on-site energy was determined by
fitting tight-binding results to ab initio density-functional theory (DFT) band structures. To
understand this quantitative difference, we analyze the ab initio Kohn—Sham potential obtained
from DFT and find that a subtle interplay of electron—electron and electron—ion interactions
determines the magnitude of the on-site potential.

1. Introduction

Twistronics [1] is concerned with the effects that occur when stacking low-dimensional van der Waals mate-
rials and introducing a relative twist angle between them [2, 3]. The prototypical example of such a system is
twisted bilayer graphene (tBLG), where a twist angle between two graphene sheets creates an emergent hon-
eycomb pattern on a much larger length scale than the graphene honeycomb lattice [4—9]. The physics of
tBLG is rich, and exhibits superconductivity in proximity to correlated insulators [10—13], highly tunable van
Hove singularities [14—16], Dirac revivals [17, 18], strange metallic behaviour [19, 20], and nematic order
[14, 16, 21]. This has motivated the investigation of other graphene-based moiré materials, such as twisted
double bilayer graphene (tDBLG) [22-27].

In transport experiments on magic-angle tDBLG, correlated insulators have been observed at a doping of
two electrons per moiré unit cell in applied electric fields [23, 25, 28—30]. For the undoped system, a substantial
band gap emerges in the presence of a perpendicular electric field; this band gap is not caused by electron
interactions [22]. Signatures of superconductivity have also been reported, but robust superconductivity has
not yet been confirmed in this system [23, 25, 28—31]. Scanning tunneling microscopy (STM) experiments
have also observed correlated insulating states [32, 33] and nematic ordering [34] near the magic angle.

The electronic structure of tDBLG has been studied using a variety of methods including continuum the-
ories [22] and atomistic tight-binding models [24]. In reference [24], it was found that the band gap of the
undoped system obtained from tight binding differs from the result of first-principles density functional the-
ory (DFT). To obtain better agreement, a phenomenological on-site energy of approximately —30 meV was
added to the inner layers in the tight-binding calculations. This on-site potential has been referred to as the
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‘Intrinsic symmetric polarisation’ or crystal field. Similar results have been found in references [35, 36]. These
works suggested that the difference in chemical environments between the inner and outer layers of tDBLG
can result in charge transfer between layers which in turn gives rise to significant electron—electron interaction
effects in the normal state.

Long-ranged electron—electron interactions have been found to play a important role in the normal state
of tBLG [37-42]. Specifically, Hartree theory calculations revealed that such interactions induce pronounced
deformation in the electronic band structure which explain the experimentally observed pinning of the Fermi
level as function of doping [37-42].

In contrast to tBLG, no Fermi level pinning has been observed in tDBLG, in agreement with continuum
model calculations of the electronic structure [32—34]. However, such continuum model calculations only
capture the long-range interaction between electrons, but fail to accurately describe the interaction between
nearby electrons on different layers. To address this issue, it would be highly desirable to carry out atomistic
Hartree theory calculations of tDBLG.

In this paper, we investigate the role of electron—electron interactions in tDBLG within atomistic Hartree
theory. We find that the electronic band structure of tDBLG is not sensitive to electron or hole doping—in stark
contrast to tBLG. Next, we consider the effect of a perpendicular electric field and find that electron—electron
interactions play an important role in screening the externally applied field. Finally, we evaluate the contribu-
tion of the Hartree potential to the crystal field and find that it has the correct sign, but is too small compared
to previous findings. To understand this discrepancy, we analyze the Kohn—Sham potential of an ab initio
DFT calculation of tDLBG which produces a crystal field in good agreement with previous results. This sug-
gests that ab initio calculations are required for a quantitatively accurate description of the crystal field in
tDBLG.

2. Methods

We study commensurate moiré unit cells of tDBLG consisting of twisted AB stacked bilayers. The bilayers are
initially stacked directly on top of each other, similar to the structure of graphite, and the top bilayer is rotated
anticlockwise about an axis normal to the bilayers that passes through a carbon atom in each bilayer. The moiré
lattice vectors are Ry = na; + ma, and R, = —ma, + (n + m)a, [6], where n and m are integers that specify
the moiré unit cell in terms of the graphene lattice vectors a; and a,.

We relaxed these tDBLG structures using classical force fields as implemented in the LAMMPS soft-
ware package [43]. The AIREBO-Morse potential [44] was used for intralayer interactions; while the
Kolmogorov—Crespi potential [45] was used for interlayer interactions. More details can be found in
reference [46].

The electronic structure of tDBLG was investigated with an atomistic Hartree theory. The model outlined
here is very closely related to that discussed in reference [40]. For completeness, we provide all details here.
The atomistic Hamiltonian that we solve is given by

H= Ze,—&jéi + Z[t(‘l'i — 7)efe + Hel, M)
1 y

where Ej and ¢; are, respectively, the electron creation and annihilation operators associated with the p,-orbital
on atom i, and ¢; is its on-site energy.

The hopping parameters #(7; — 7;) between atoms i and j (located at 7;/;) are determined using the
Slater—Koster rules [47, 48]

t(r) = yele 1 IH/D o8 - et 1M/ gin? ©, (2)

where v, = 0.48 eV and 7, = 2.81 eV [24] correspond, respectively, to o- and 7w-hopping between p,-
orbitals, with associated decay parameters g, = 7.43 and g, = 3.14 [6, 7]. Also, a = 1.397 A is the pristine
carbon—carbon bond length, d = 3.35 A is the pristine interlayer separation parameter, and ¢ is the angle
between the z-axis and the vector connecting atoms i and j, and captures the angle-dependence of hoppings.
Hoppings between carbon atoms that are separated by more than 10 A are neglected [49]. The Slater—Koster
tight-binding parameters are based on a best fit to DFT low-energy bandstructures of graphene and bilayer
graphene [6, 7, 48], with a slightly larger m-hopping parameter as introduced in reference [24] to improve
agreement with the low-energy DFT bandstructure of tDBLG at large twist angles.

We decompose the on-site energy ¢; in equation (1) into two contributions, €; = €,, + efl. The first term,
€a;» is constant within each layer (with o; denoting the layer in which atom i resides) and represents the
effect of an applied electric field. The second term, £¢, is the contribution to the on-site energy from electron
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interactions and is determined self-consistently according to

oo = / drgd(x — ) Vi(x), 3)

where ¢,(r) is the p, orbital of the carbon atoms, and the Hartree potential Viy(r) is determined from the
electron density n(r) and the screened electron—electron interaction W(r) via

Via(r) = / dW(r — ) [n(t) — no(x)]. 4)

Here, ny(r) is a reference electron density that ensures overall charge neutrality and whose subtraction in
equation (4) avoids double counting of Hartree interactions in the uniform system [7]. The electron density
is determined through

() =Y faltbu®)], (5)
nk
where )
Yu(r) = W—}(%ﬁ g€ R, (r — T, — R) 6)

denotes the Bloch eigenstates of equation (1), with subscripts n and k denoting the band index and the crystal
momentum, respectively. Also, Nj is the number of k-points in the summation of the electron density, and
fik = 20(er — €,4x) 1s the spin-degenerate occupancy of state 1, with eigenvalue e, (where cf is the Fermi
energy). Inserting the Bloch states into equation (5) gives

n(r) = > nx(r), (7)
j

where x;(r) =) @2 (r — 7; — R) (with R denoting the moiré lattice vectors) and the total number of
electrons on the jth p,-orbital in the unit cell being determined by n; = >\ fik|cui|* /Ni.

The reference density is taken to be that of a uniform system, ny(r) = ﬁzj X;j(r), where 7 is the average
of n; over all atoms in the unit cell, which is related to the filling per moiré unit cell v through # = 1 + /N,
where N is the total number of atoms in a moiré unit cell [39].

In transport experiments, there is often a metallic gate above and below the tDBLG, with a hexagonal boron
nitride (hBN) substrate separating the gates from tDBLG. These metallic gates add or remove electrons from
tDBLG and can also create electric fields across the system. These gates also screen the electron interactions in
tDBLG, and taking this effect into account has been shown to be important in tBLG [50—52]. Therefore, we
use a double metallic gate screened interaction

2 > _1\ym
W(r) = e Z L’ (8)

dmeoevg, =/ [r]? + (2mE)?

where ¢ is the thickness of the hBN dielectric substrate, which provides a background dielectric constant e,
and separates tDBLG from the metallic gate on each side [50, 53, 54]. We set £ = 10 nm in all calculations,
and epg = 4, which corresponds to experiments in which tDBLG is encapsulated in hBN [55], unless otherwise
stated. Note that we do not consider the case of the hBN being closely aligned with the graphene layers which
induces significant changes to the electronic structure of the graphene layers [56].

In our atomistic model, we neglect contributions to the electron density from overlapping p.-orbitals that
do not belong to the same carbon atom, which is equivalent to treating ¢*(r) as a delta-function. Therefore,
we calculate the Hartree on-site energies using

e = Z (nj — 1) Wrj, (9)

jR

with Wg;; = W(R+ 7; — 7). If R = 0 and i = j, we set Wy ;; = U/epg with U = 17 eV [57].

To obtain a self-consistent solution of the Hartree theory, we use a 6 x 6 k-point grid to sample the first
Brillouin zone to converge the density in equation (5) and we sum over a 21 x 21 supercell of moiré unit cells
to converge the on-site energies of equation (9). Linear mixing of the electron density is performed with a
mixing parameter of 0.1 or less (i.e., 10 percent of the new potential is added to 90 percent of the potential
from the previous iteration). Typically, the Hartree potential converges to an accuracy of better than 0.1 meV
per atom within 100 iterations. For doping levels where tDBLG is metallic, smaller mixing values and a larger
number of iterations are sometimes needed to reach this convergence threshold.
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Figure 1. Left panels: Hartree theory band structure of doped (—3 < v < 3) tDBLG at a twist angle of § = 1.89° (top) and

6 = 1.41° (bottom) with €,, = 4. The horizontal lines denote the Fermi energy at each doping level. The band structure at charge
neutrality is shown in black and the band structures at all doping levels are practically identical to it. Note all bands are aligned
such that the zero of energy occurs in the middle of the band gap at the K-point. Right panels: results for tBLG, at the same twist
angles, generated using the method outlined in reference [42].

DFT calculations are performed using ONETEP, a linear-scaling DFT code [58, 59]. We use the
Perdew—Burke—Ernzerhof exchange—correlation functional [60]. For the electron—ion interaction we employ
the projector-augmented-wave (PAW) formalism [61, 62] (where PAW pseudopotentials are generated from
ultra-soft pseudopotentials [63]). The kinetic energy cutoff is set to 800 eV. A basis consisting of four non-
orthogonal generalized Wannier functions per carbon atom is used, which are optimised in situ, and the
ensemble-DFT approach [64, 65] is adopted for the minimisation of the ground state energy.

3. Results and discussion

3.1. Doping dependent band structure

In tDBLG, the low-energy electronic band structure is characterized by a set of four bands that are separated
from all other bands. These bands become extremely flat close to the magic angle of ~1.3°, see bottom left
panel of figure 1 which shows the band structure at a twist angle of 1.41°. At angles slightly above the magic
angle, see top left panel of figure 1 showing the band structure at a twist angle of 1.89°, the low-energy flat
bands near the K and K points exhibit a parabolic dispersion which is inherited from the parent AB-stacked
bilayers. However, the two graphene sheets of the AB-stacked bilayers in tDBLG are no longer equivalent and
this results in the opening of a band gap at the K and K’ points—similar to the case when an electric field is
applied perpendicular to an AB-stacked bilayer.

In figure 1 we show the Hartree theory band structure of doped tDBLG at a twist angle of § = 1.89° (top left
panel) and 6 = 1.41° (bottom left panel), and compare the results to tBLG (right panels). Results are shown
for —3 < v < 3, where v represents the number of electrons (7 > 0) or holes (v < 0) added to each moiré
unit cell. In stark contrast with tBLG [37-42, 66—68], it can be seen that the band structure of tDBLG does not
significantly change upon doping (all doping levels have been aligned such that the zero energy occurs at the
mid-point between the upper and lower flat bands at the K-point). The flat bands distort only by a few meV
relative to the charge neutral case (black lines), which is small compared to their bandwidths (129 meV at 1.89°
and 13 meV at 1.41°). By comparison, in tBLG the Hartree interactions induce band deformations of ~25 meV.
At the twist angle of 1.89° (with a bandwidth 0f 260 meV), these deformations are modest in comparison to the




10P Publishing

Electron. Struct. 4 (2022) 025001 C TS Cheung et al
Outer layers Inner layers
[ i ' L (B T
10 BA | AB AA 10 . 0 N 2! .t"éﬁ-.

| : 31 & %

N H R o : P

é 5 I % 5 I o ‘..

Z ' Z :

] jan

= 5 ! = 5 |
|

—10 [ —10
) [ y . ) f y .
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Is| / |Ri+ Ry Is| / IR1+ Ry

Vi / meV
(=]
Vi / meV

0.0 0.2 0.1 0.6 08 1.0 0.0 0.2 0.1 0.6 08 1.0
Is| / [R1+ Ro ls| / |R1+ Ry

Figure 2. Locally-averaged Hartree potential along the diagonal of the moiré unit cell for electron and hole doped tDBLG with

6 = 1.89° and €, = 4. The variable |s| measures the distance from the BA site of the moiré unit cell to a point s along its long
diagonal. The vertical solid lines correspond to BA stacking of the inner layers, dotted-dashed lines to the AB stacking, and dotted
lines to AA stacking. The left panels show results for the outer layers and the right panels are for the inner layers. Results for
electron doped systems (7 > 0) are shown in the upper panels and results for hole doped systems (v < 0) are shown in the lower
panels. The Hartree potential in each layer has been locally averaged: the value at each atomic position was obtained by averaging
the Hartree potential at this site with the Hartree potentials of the three nearest neighbours. This removes the atomic-scale
oscillations of the Hartree potential.

bandwidth, butat the angle of 1.41° (with a bandwidth of 111 meV), they are starting to become comparable to
the bandwidth. Very close to the magic angle of tBLG (approximately 1.1°), the bandwidth shrinks to ~5 meV
and the Hartree deformations become the dominant energy scale [37-42, 66—68].

To understand the absence of significant band deformations in tDBLG, we analyze the Hartree potential.
Figure 2 shows the locally-averaged Hartree potential along the diagonal of the moiré unit cell on one of the
outer layers (left panels) and one of the inner layers (right panels) for different doping levels v. We find that the
Hartree potential varies by ~25 meV on the inner layers, but only by ~10 meV on the outer layers. In contrast,
the Hartree potential of tBLG (and also of twisted trilayer graphene [69]) varies by ~100 meV and is therefore
the dominant energy scale for a wide range of twist angles near the magic angle [37].

Upon electron doping tDBLG (v > 0, top panels of figure 2), a positive peak in the Hartree potential
emerges in the AA regions. When electrons are removed (v < 0, bottom panels of figure 2) a negative trough
is found instead in the AA regions. This is a consequence of the shape of the flat-band wavefunctions near the
K and K’ points. Specifically, these states are localized in the AA regions of the inner layers, similar to tBLG
[37—-42] and tTLG [69].

However, an important difference (besides the strength of the Hartree potential) between tDBLG and tBLG
is the degree of real-space localization of flat-band states in different parts of the first Brillouin zone. Figure 3
shows that in tBLG that flat-band states at K and M are strongly localized in the AA regions, while the states at
I" form rings around the AA regions. As a consequence, the Hartree potential gives rise to large energy shifts
of the states at K and M relative to the states at I" (see references [37—42, 69] for a more detailed description
of these band deformations).

In contrast, figures 4 and 5 show that flat-band states in tDBLG are much less localized. For example, the
states at I' form rings around the AA regions in the inner layers (see figure 4), but are localized in the AA
regions on the outer layers (see figure 5). The states at M are localized in the AA regions in the inner layers,
but have delocalized stripe-like features on the outer layers. As a consequence, the Hartree potential does not
give rise to significant relative shifts of these states. Finally, the valence states at the K-point are localised on
the AA regions of the inner layers, but on the AB/BA regions of the outer layers; while the conduction states
at K are almost entirely delocalized on the outer layers [36]. This explains why significant band deformations
are not observed in tDBLG even though the Hartree potential has a similar magnitude as the band width close
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Figure 3. Square modulus of the flat-band wavefunctions (multiplied by the number of atoms in the moiré unit cell N) of tBLG
at a twist angle of 1.89° at different crystal momenta. The I, M and K points are shown in the left, middle and right panels,
respectively. At each crystal momentum the square moduli of the four flat-band states have been summed up. The origin is
located at the centre of the AA stacking region and L,, denotes the moiré length scale.
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Figure 4. Square modulus of the flat-band wavefunctions on an inner layer of tDBLG at different crystal momenta. Top panels
show results for the flat conduction band (whose square moduli have been summed), and the bottom panels show similar results
for the two flat valence band states. See the caption of figure 3 for further details.

to the magic angle. A similar explanation for the absence of strong band deformations was also offered in the
continuum model of reference [70].

In the case of tBLG, the interaction-induced doping-dependent band distortions were shown to cause a
pinning of the Fermi level at the van Hove singularities [37—42], which was observed in tunneling experiments
[14-16, 71]. In tDBLG, as no significant band distortions are observed, we do not expect a similar Fermi level
pinning as in tBLG. Indeed, recent tunnelling experiments did not observe Fermi level pinning at the van Hove
singularity [32—34]. Note, however, that in these experiments some changes of the electronic structure were
observed as function of doping. It was proposed [34] that these changes are a consequence of the perpendicular
electric field which accompanies doping in a device with a single metallic gate. We therefore study the effect of
such electric fields in the next section.

3.2. Electric fields
Figure 6 compares the Hartree (red) and tight-binding (black) band structures of 1.89° tDBLG at charge neu-
trality for two different electric field strengths. Application of a perpendicular electric field increases the gap
between the valence and conduction bands. Without the field, the value of the gap is 9.9 meV, while its value
is 19.2 meV for a field strength 30 meV A~!. Moreover, the electric field lifts the valley degeneracy of both the
valence and conduction bands (except at the I' and M points). This splitting of the conduction and valence
bands increases substantially with the strength of the applied field with the valence bands undergoing more
significant distortions than the conduction bands.

In the tight-binding approximation the band distortions are significantly more pronounced than in Hartree
theory. The electric field causes the system to polarise such that in one of the bilayers there is an enrichment
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Figure 5. Square modulus of the flat-band wavefunctions on an outer layer of tDBLG at different crystal momenta. Top panels
show results for the flat conduction band (whose square moduli have been summed), and the bottom panels show similar results
for the two flat valence band states. See the caption of figure 3 for further details.
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Figure 6. Comparison of Hartree theory (black) and tight-binding (red) band structures of undoped tDBLG at a twist angle of
0 = 1.89° in a perpendicular electric field with field strength 10 meV A~! (left) and 30 meV A" (right).

of electrons and in the other bilayer there is a depletion of electrons, with the outer layers exhibiting larger
enrichment/depletion than the inner layers. When Hartree interactions are included, the Hartree potential
opposes the external electric field to reduce its effect.

The extent to which the Hartree potential screens the electric field can be determined by computing an
effective dielectric constant for each layer

where V& = (Ez(*)) is the average potential due to the electric field in layer o, with E denoting the elec-
tric field strength, zl(a the z-coordinate of atom i in layer «, and (- - -) an average over i in layer a. Also,
Vi) = <VI(-11 ) is the averaged Hartree potential in each layer a. For E = 10 meV A~!, we find € = 2.60 for
all layers, while for E = 30 meV A~ the effective dielectric constant is reduced to 1.94. This reflects the fact
that the electrons cannot screen larger electric fields as effectively. Note that these values were obtained with
€vg = 4. For free-standing tDBLG, ab initio DFT calculations have found an effective perpendicular dielectric
constant of approximately 3 [72, 73] for untwisted graphene multilayers in vacuum. These ab initio values are
qualitatively similar to our findings.




10P Publishing

Electron. Struct. 4 (2022) 025001 C TS Cheung et al
10 . T T T
[P “hg 0.25¢ R .

gk =" e oeeanrreeeeenees e 1 090k -

- 2 I
g 6 31 2 015

l .... — o . 4 s | e P .
| J s . 1 Jowof ot S

2 ] 0.05F eweere o

=5 1% 200 2% 20 0.00 10 50 %0

0 / degrees A/ nm?

Figure7. Left panel: the average Hartree potential difference between the outer and inner layers, 6, for several dielectric constants
as a function of twist angle . Right panel: the total excess number of electrons An’/4 on one of the outer layers (which we refer
to as layers 1 and 4) within the moiré unit cell at various dielectric constants e as a function of moiré unit cell area A.

3.3. Crystal field

Previous work established that an additional layer-dependent on-site potential (often referred to as the crystal
field) must be included in tight-binding calculations of tBLG to achieve agreement with ab initio DFT band
structures [24, 35, 36]. However, the origin of this on-site potential has remained unclear. In this section we
evaluate the effective on-site energy generated by the Hartree potential and compare to previous work.

At charge neutrality, the Hartree potential is more negative on the inner layers than on the outer layers, see
figure 2, indicating that electrons have transferred from the inner to the outer layers. Adapting the definition
of reference [35] for the crystal field, we define ¢ as the difference between the layer-averaged on-site Hartree
potential on the outer and inner layers according to

= (eou) — () (11)
where (¢!

¢l ) and (g¢!) are the on-site energies averaged over atoms in the outer and inner layer of a bilayer,
respectively (note that the two bilayers of tDBLG are equivalent by symmetry).

The left panel of figure 7 shows the values of the Hartree crystal field d as function of twist angle for different
values of €,,. We find that § does not sensitively depend on the twist angle, but increases as the background
dielectric constant is reduced. For freestanding tDBLG (corresponding to epg = 1), we find § ~ 8 meV near the
magic angle. We have verified that the band structure from a tight-binding calculation with a layer-dependent
on-site potential of 8 meV agrees well with the full Hartree theory result indicating that the in-plane variations
of the Hartree potential do not play an important role. Note that the value of § has the same sign, but is
somewhat smaller than the value proposed by Haddidi and coworkers [24] who used a value of 30 meV.

To understand the weak twist-angle dependence of §, we analyze the charge transfer between inner and
outer layers. Within an idealized parallel plate capacitor model, § should be proportional to the charge den-
sity per unit area of each graphene layer. The total number of polarized charges per moiré cell in layer « is

given by
An'® = Z (nj — ng),

jE€a

(12)

where j runs through all the atoms in layer . By symmetry A has the same magnitude but opposite sign for the
outer and inner layer of each bilayer. In the right panel of figure 7 we show the dependence of An"/% (i.e., the
charge on the outer layers) on the area of the moiré unit cell. It can be seen that An('/4) behaves approximately
linearly resulting in a constant charge density per unit area which in turn gives rise to a constant 4.

As the Hartree theory contribution to the crystal field from our atomistic model is significantly smaller than
the value determined by Haddidi and coworkers [24], we also analyze the full Kohn—Sham potential obtained
from an ab initio DFT calculation of tDBLG with a twist angle of 2.45°. The Kohn—Sham potential has three
contributions: (1) the ion—electron (ion—el) potential which is often approximated with a pseudo-potential;
(2) the Hartree contribution from electron—electron (el—el) interactions; and (3) the exchange—correlation
contribution.

Figure 8 shows the averaged Kohn—Sham potential of tDBLG as function of z. The potential has been
averaged over the xand y directions, and the resulting function of z has been smoothed by taking its convolution
with a rectangular function of width 3.20 A (we have verified that our results do not depend sensitively on the
value of this width). In the left panel, we subtract the exchange—correlation contribution from the Kohn—Sham
potential which yields an ab initio Hartree theory potential (note, however, that the charge density was obtained
from the full potential including exchange—correlation effects). We find that the ab initio Hartree potential is
approximately 30 meV smaller on the inner layers than the outer layers, as indicated with the horizontal lines.
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Figure 8. Left panel: sum of Hartree potential and ion—electron potential as a function of z (the coordinate perpendicular to the
plane of the tDBLG system) obtained from an ab initio DFT calculation of tDBLG at a twist angle of 2.45°. Right panel: full
Kohn—Sham potential (including the exchange—correlation contribution) as a function of z in 2.45° tDBLG. The ab initio
potentials are first averaged over the x and y coordinates, and the resulting function of z is smoothed by taking its convolution
with a rectangular function of width 3.20 A. The dotted vertical lines correspond to the z-averaged atomic positions of each layer.
The horizontal dotted-dashed lines indicate where the potential crosses the z-averaged atomic positions of each layer.

When the exchange—correlation potential is included (right panel of figure 7), the potential difference between
inner and outer layers increases to approximately 40 meV, in good agreement with the findings in references
[24, 35, 36]. These results demonstrate that an ab initio description of the potential is required to obtain a
quantitatively accurate description of the crystal field.

4. Conclusion

We have used atomistic Hartree theory calculation to investigate the role of electron—electron interactions
in tDBLG and studied the effects of changes in twist angle, dielectric environment, doping and applied elec-
tric fields. Our calculations reveal that the band structure of tDBLG is largely insensitive to electron or hole
doping in stark contrast to tBLG. Application of a perpendicular electric field changes the band gap and lifts
the valley degeneracy of the bands. Electron—electron interactions screen the electric field and we obtain an
effective dielectric constant that is quantitatively similar to ab initio results for untwisted graphene multilayers.
Finally, we analyze the contribution of Hartree interactions to the crystal field which is defined as the difference
between the on-site energies of the inner and outer layers. We find that the difference of the average Hartree
potentials in the inner and outer layers has the same sign, but a smaller magnitude compared to previous stud-
ies which determined the on-site potential by fitting tight-binding band structures to ab initio DFT results.
To understand this difference, we carry out ab initio DFT calculations of tDBLG and analyze the Kohn—Sham
potential. We find that the locally averaged Kohn—Sham potential difference between the inner and outer layers
agrees well with the previously reported value of the crystal field, indicating that a quantitative description of
this effect requires an ab initio description of the subtle interplay between electron—ion and electron—electron
interactions.
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