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We show that a double-twisted ABC trilayer graphene, formed by stacking two ABC trilayers with a rotation
angle between them, is a semiconductor with a gap of about 30 meV. Importantly, flat bands in the electronic
structure are observed even for large angles, and the localization of electrons follows the same pattern as
in ABC trilayer graphene. Our first-principles calculations show that this behavior holds at least for rotation

angles from 7 to 21 degrees. We further study the charge redistribution as a function of the angle. Below two
degrees, the charge escapes from the rotated layers and AA zones, moving to the outer layers. This behavior
is general for any ABA trilayer with one of the outer layers twisted (ABT). Our findings shed light on some
peculiarities of rotated graphene, explaining the absence of a superconductivity phase on these double-trilayer

and ABT systems.

1. Introduction

Interlayer rotation has become a ubiquitous tool for studying and
tuning the properties of coupled atomic monolayers. The modification
of the electronic properties of bilayer systems, sometimes dramatically,
has been theoretically explored since more than a decade [1-6], but the
discovery of superconductivity in twisted bilayer graphene (TBG) [7]
has resulted in thousands of investigations delving into the possible
mechanisms giving rise to this phenomenon. Superconductivity has also
been found in graphene trilayers [8] and tetralayers [9] and has been
suggested to occur in quasi-one-dimensional systems such as collapsed
graphene nanotubes [10,11]. As a matter of fact, changing the stacking
between layers can also produce structures with different properties
in these multilayer systems. Specifically, there are two stable stacks
with three graphene layers: ABA (Bernal) and ABC (rhombohedral).
In the Bernal stacking, the bands near the Fermi level have a mono-
layer and bilayer-like character, with linear and quadratic dispersions,
respectively [12-14]. When an external electric field is applied perpen-
dicularly to the layers, the bands hybridize and overlap without a gap.
In contrast, in the ABC stacking (see Fig. 1a), the low-energy bands
have a cubic dispersion (Fig. 1b dashed lines), with flat bands near
the Fermi level [15]. The high density of states associated with this
behavior indicates that interactions could be crucial. In this case, the
symmetry group is Ds,, and the system has inversion symmetry. There-
fore, a gap between the conduction and valence bands can be opened

with an external electric field [15-19], and it can be tunable [20,21].
Indeed, if the external field is small (a few meV) van Hove singularities
appear near the Fermi level (Fig. 1b solid line). Doping the system to
reach those states leads to collective behavior as ferromagnetism [22]
and superconductivity [23].

Recent experiments prove [24] that by placing an ABC trilayer
aligned on an hBN monolayer, the moiré potential induces flat mini-
bands that exhibit Mott insulating behavior at certain band fillings.
Additionally, without screening by the substrate, a suspended ABC
trilayer opens a gap spontaneously, apparently due to electron—electron
interaction. The system would have electrons with opposite spins in
the valence and conduction bands closer to the Fermi level [25]. For
more information on collective phenomena in unrotated structures, the
reader is encouraged to consult Ref. [26].

In addition to the well-known ABA and ABC stackings, it is possible
to obtain other properties in three-layer structures by rotating one of
the layers. Specifically, if we have one of these two stackings and
rotate the third layer, we obtain a system that can be visualized as
two coupled AB layers and a twisted outer layer, i.e., AB-twisted (ABT)
graphene [27]. In this system, there is a gap between the parabolic
bands. For small rotational angles, it can be explained as an energy
upshift of the states located at the AA region and the Fermi level,
creating an effective potential difference between the AB layers [27].
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ABC

Fig. 1. (a) Localization of states in the bonding orbitals in ABC trilayer (lateral view). The states are from the shadowed region of (b), where the DFT calculation of the electronic
structure of trilayer ABC is shown around the K point. Red dashed lines are the bands without external field, blue solid lines for E = 10 meV/A Z. (c) Top view of trilayer ABC.

(d) Scheme of the double twisted ABC trilayer structure.

Systems with four layers show similar electronic properties. The
double twisted bilayer graphene (DTBG) consists of two bilayer
graphene in AB stacking, placed one on top of the other, with a
rotational angle between them. DTBG presents an intrinsic gap for
large angles; however, it is metallic for low angles with flat bands
[28-31]. Experimental studies of this configuration found the existence
of correlated states and the band gap opening by an external electric
field [9,32].

This article shows that two coupled ABC trilayers with an arbitrary
twist angle constitute a semiconducting system with flat bands, even
for relatively large rotations, well away from the magic angle. This
behavior is similar to an ABC trilayer submitted to an external bias.
Using a tight-binding (TB) model, we further study how the charge
redistributes within the layers as a function of angle. We find that
for rotation angles smaller than two degrees the charge escapes from
the rotated inner layers and AA zones and moves to the outer layers.
Indeed, the same behavior occurs in any trilayer ABT system. We
quantify the effect and offer a qualitative explanation of its origin. We
also clarify this behavior with a toy model of a trilayer with only six
atoms by adding an onsite energy term to the rotated layers. Our work
throws light on why a superconducting phase in this type of structure
has not been found.

This article is organized as follows: In Section 2, Methods, we
explain the details of the ab-initio calculation and the tight-binding
Hamiltonian used. In Section 3, Calculations, we review the ABC tri-
layer with emphasis on the localization of the states in the presence of
a small external field. We then explain the results of the rotated double
ABC, its electronic structure, and the spatial localization of the states
near the Fermi level. We then dedicate a subsection to understanding
the localization of these states, for which we analyze and compare to
a more straightforward system with the same behavior, the ABT, a
three-layer ABA system where we rotate the third layer. Finally, we
summarize and discuss our results.

2. Methods

In this work, we employ a combination of density functional
theory(DFT)-based models, tight-binding and molecular dynamics in
order to obtain the electronic structure of six-layered twisted structures
up to the magic angle.

DFT is considered a pillar of the standard model of solids [33].
Many computational packages implement DFT to compute ground state

properties of solids from first principles, i.e., without empirical param-
eters other than the atomic coordinates. DFT has been a very successful
method for systems with moderate electron correlation. Moreover,
DFT calculations provide input wavefunctions for more sophisticated
methods that improve the DFT accuracy, like quantum Monte Carlo
(QMC) and dynamic mean field theory (DMFT), or extend its capa-
bilities to excited states, like the GW method and the Bethe-Salpeter
equation [34]. DMFT and QMC have been recently employed to study
strong correlations near the magic angle for twisted bilayers [35,36].
However, for our purposes, i.e., the confinement of the charge as a
necessary condition for the existence of correlated phenomena, it is
sufficient to resort to DFT calculations, which is already a formidable
task in a six-layered structure for small rotation angles.

2.1. Unit cell

We construct the unit cell used in the calculations performed within
the DFT approach and the tight-binding (TB) method following the
standard procedure [3,6]. We generate 6 layers with ABC-ABC stacking
and then rotate the top three layers. The rotation axis is located at the
origin, and at that point, there is one atom on top of another in layers 3
and 4, so that region is the AA zone of the commensurate unit cell. One
of the lattice vectors of the moiré cell is T = na; + ma,, where n and m
are integers, and a, , are the graphene lattice vectors forming an angle
of 60°. The cells studied are of type m = n — 1. We indistinctly label
the cells with the angle or the index n. For DFT calculations, the layers
are placed centered in 2 with the lattice vector ¢ = 40 A to guarantee
a wide enough vacuum and the non-interaction between replicas [37].

The space group of two ABC twisted structures is 150 [38], like
twisted bilayer graphene.

2.2. DFT calculations

The positions of the layers have been optimized by means of total
energy DFT calculations with the projector augmented wave (PAW)
method [39,40], as implemented in the Vienna ab initio Simulation
Package (VASP) [41,42]. PAW potentials include the 1s? electronic
shell in the core, treating explicitly the 2s>3p? electrons. The single
electron wavefunctions are obtained from an expansion in a plane wave
basis set with a cutoff of 520 eV, i.e., the basis set is truncated, restrict-
ing the largest wavevector G by the expression #2G? /2m,, < 520 eV. The
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exchange and correlation interaction is calculated with the functional of
Perdew, Burke, and Ernzerhof [43]. Dispersion interaction is included
by means of a Grimme DFT-D3 correction with Becke-Johnson damping
function [44,45].

DFT band calculations are performed while keeping the self-
consistently computed charge density constant. The atomic positions
and lattice vectors were relaxed until forces were smaller than 0.01
eV/A, and all stress tensor components were smaller than 0.5 kbar.
The latter condition is achieved even for the z component despite the
¢ vector not being optimized, thus indicating that the vacuum region
set in the unit cell is wide enough. I'-centered regular k-point grids
have been used with dimensions 8 x 8 x 1, 5x5x 1,4 x4 x 1 and
3x3x1forn=2(21.8°),3(13.2°), 4 (9.4°), and 5 (7.3°) structures,
respectively.

2.3. Tight-binding model and lattice relaxation

The band structure for low angles is obtained using a tight-binding
model following Nam and Koshino [46]:

H =Y 4R)(R,| = 3 (R, ~R)[R)(R| + He. @
i LJ

where R; is the position of the atom i, |R;) is the wavefunction at site
i, A; = 20 meV is an onsite term that takes a positive or negative
value depending on the layer. This term has to be added to address
the crystal field related to a charge transfer between layers. #(R) is the
hopping between atoms i and ;:

R- e, 2 R- e, 2

—t(R) =V,,,(R) |1 = < R ) + Vope(R) ( R > 2
The explicit expression of the hopping parameters V,,,,(R) and V,,,(R)
is:

R-—-a
mﬂhmﬂﬂ—mﬂ 3)

R—-d
Vypo(R) = V0 _exp <— - - > 4
with V0 = —2.65 ¢V and V9 = 048 eV. g, = a/V/3 ~ 142 A is the

nearest-neighbor distance in graphene, d, = 3.35 A is the interlayer
distance (with a being the interatomic distance), and r, = 0.184 a is the
decay length of the interaction. We slightly modified the value of Vp(‘)”r
for a better match with DFT bands.

Although TB calculations were performed for on-site energy values
that simulate the DFT results, we found that the result is robust and
does not depend on these values; even for on-site values equal to zero,
the same trend is obtained.

We have also investigated how atomic relaxations affect the elec-
tronic structure. Using LAMMPS [47], energy minimization was per-
formed for non-bonded interlayer interactions using the Kolmogorov—
Crespi potential [48,49] with a cutoff of 20 A and bonded intralayer
interactions using the REBO potential [50,51]. The relaxations were
done with an energy tolerance of 10710 eV per atom [52].

We want to emphasize that for rotated bilayer graphene, the relax-
ation of the structures and, thus, the reduction of the AA zones has the
greatest impact precisely at small angles. If a rigid rotation is carried
out, the AA zone becomes larger. When we relax the structures due
to the lower energy of the AB (BA) zones, the cell is reconstructed by
shrinking the AA zones. This impacts the electronic structure for angles
close to the magic angle of 1.05° . For angles larger than 2°, such
impact is not noticeable, in our calculations of the charge per layer,
there is minimal impact on the charge distribution due to relaxation.
The tendency is the same if we calculate with the rigid structure.
Therefore, a relaxed structure was used for all TB calculations for angles
below 2°; above that angle, the effect of the relaxation on the electronic
structure is not noticeable.

Carbon 222 (2024) 118952
3. Calculations
3.1. ABC trilayer

In Fig. 1b, we show the band structures of ABC trilayer without
(blue solid line) and with a small external field of 10 meV/A (red
dashed lines). An external electric field breaks the inversion symmetry
and opens a gap.

Another notable difference exists between the ABA trilayer and
the ABC (rhombohedral) trilayer. The middle layer in ABC has only
antibonding orbitals with the neighboring layers. The latter causes
states close to the Fermi level to have a larger weight in the outer
layers and on atoms with no vertically close neighbors. In Fig. 1a, we
show a side view of the unit cell of the ABC trilayer and the location
of the states from E; — 0.5 eV to E obtained from a DFT calculation
of an ABC trilayer under an external electric field to separate valence
and conduction bands. As can be seen, they are located in the B, and
B; atoms of the outer layers, which have no vertical neighbors in the
middle layer. Nonetheless, in both cases, we observe flat bands a few
meV away from the Fermi level. These states would be related to the
collective phenomena observed in several experiments [22,23,25].

3.2. Two rotated ABC trilayers

In systems with few atomic layers, the environment of each atomic
sheet modifies the electronic structure. This can be understood as a
two-dimensional analogue of the crystal field that appears in some
three-dimensional materials [53,54]. We previously found that the
asymmetry between layers caused gap opening [27,28]; here we show
that a similar behavior occurs in two ABC trilayers with a rotation angle
between them.

Fig. 2 illustrates DFT calculations of band structures for four rota-
tion angles (21.8°, 13.4°, 9.4°, and 6.0°). The system of two trilayers
ABC coupled with a rotation angle between them (2ABCT) has a gap,
even though each ABC trilayer does not. The bandgap is around 30
meV, and its origin is similar to DTBG or even of a trilayer ABA [55].
The different environments of the layers, and hence their couplings,
cause a gap opening due to symmetry. When the two ABC structures are
coupled, the inversion symmetry that preserves the sublayer exchange
symmetry of each ABC structure is broken, opening the gap. The differ-
ences in the interlayer couplings to adjacent layers can be modeled as
the application of different potentials in each layer: Therefore, charge
transfers between their are expected to occur.

This assertion is corroborated by calculations of the charge density
distribution over the whole supercell including all states of the system
below the Fermi level, differently from that shown in Fig. 1a, where
only states near the Fermi level are considered. We then subtract
the contribution of each layer separately; in total, seven calculations
were performed, one for the whole structure and six self-consistent
calculations without relaxation for each layer. We consider the value
of the charge in each layer as the sum of the average charge between
—c/2 and +c/2 from the layer position (¢ is the average distance
between layers). According to the analysis, the middle layers lose
charge, whereas the second and fifth layers receive most of the charge.
We analyzed different rotational angles (» = 2,3 and 4) with similar
results.

It is important to notice that a TB Hamiltonian only allows us to
obtain the gap if we add an onsite energy term in each layer.

Let us now analyze the spatial localization of states from the flat
band region near the Fermi level in rotated structures. Fig. 3 shows the
localization of states near the K point, both in the two highest valence
bands (a) and in the lowest conduction bands (b), obtained with the
DFT method. The states in the valence band are spatially localized
mostly in the intermediate layers, i.e., the rotated layers. For this angle
(9.4°), there is still no clear localization in the AA sites, although the
moiré pattern begins to be visualized. An inset of Fig. 3a bottom panel
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Fig. 3. DFT calculations of side and top views of localization of states around the K point for (a) the two highest occupied valence bands(layers 3 and 4 are shown in the bottom
panel, and in the inset layers 4 and 5), (b) the two lowest conduction bands. In the bottom panel, only layers 5 and 6 are shown. The rotational angle between layers is 9.4°.

reveals that the states are localized in the bonding orbitals, i.e., in an
atom in the center of the hexagon of the neighboring Bernal layer, as it
also occurs in trilayer ABC. If we electrostatically doped the system, we
would find that the states are now essentially in the outer layers and,
likewise, in the B-type atoms (Fig. 3b).

3.3. Electronic localization for low angles

The localization of electrons in the AA region of the unit cell is
the hallmark of rotated bilayer graphene; this is one of the reasons
electronic correlations occur since most part of the charge associated
with the two highest valence bands is located in this region [56].

To analyze how the localization evolves for smaller angles, we use
the TB Hamiltonian. In Appendix B we show the band structure for six
rotated structures calculated with the TB model.

We compute the projection of the states of the two highest valence
bands (HVB) on each layer as follows:

m=Y a2 DIule)r, ®)
jeL; "'k neHVB k

where ¥, is the wavefunction of the system for an eigenvalue n at
a given k point, ¢; is the orbital at site j. Note that the sum over
n comprises only states in the two HVB, the sum over k represents

the integration over the Brillouin zone, and the sum over j includes
all the orbitals in layer /. This magnitude multiplied by the electron
charge [57] quantifies the charge distribution associated with each
layer of the above-mentioned bands. In the following, we will call it
simply charge.

Fig. 4a shows how the charge n, of the two HVB evolves as a
function of the angle. Due to symmetry, the pair of layers 1-6, 2-5,
and 3-4 have the same charge. Layers 3-4 are rotated with respect to
each other; initially, as the angle decreases, the localization in these
layers increases. However, contrary to what happens in the TBG for
angles below 2.5°, the charge drastically starts to escape from these
layers, moving to layer 1.

4. Discussion

To understand why the charge escapes from twisted layers, we ana-
lyze a simpler trilayer ABA graphene system with a twisted third layer;
we will denote this system as ABT. Fig. 4b shows that the redistribution
of charge within layers is similar to the 2ABCT. In Appendix C we
show how that charge is redistributed within the three layers of an ABT
system for a rotational angle of 1.3°.

If we break down how the charge redistributes by sublattice in layer
1, we see that it goes to the B-type bonding atoms (see Figs. 1 and 4d).
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Fig. 4. Charge as defined in Eq. (5) for each layer as a function of the angle for (a) double-twisted trilayer ABC, (b) trilayer ABT, (c) trilayer ABT with a negative external electric

field. (d) n, projected on sublattices A and B on layer 1 of trilayer ABT.

1.0

0.8

0.6}
<

0.4

0.2

e T e o R
U(vo)

Fig. 5. Charge redistribution as a function of U in each layer of a toy model: Three
graphene layers with stacking ABB, with an onsite energy U on layers 2-3. In the
scheme, y, and y, are intra- and interlayer hoppings of graphene.

The latter is not surprising; it is similar to what happens in the
Bernal bilayer or trilayer ABC; the highest valence states prefer to be
in the bonding type atoms of layer 1. However, it is different in ABT
because we have two competing variables: the moiré potential and the
coupling with the first layer.

Let us rationalize why the charge moves to layer 1. In TBG the
periodic moiré potential confines electrons in the AA zones of the
rotated layers; adding an extra layer provides an extra coupling and
an additional region to which the electron can move. A simplified way
to understand this is to think that the energy of an electron in the AA
region increases due to Coulomb repulsion, so it moves to another place
to lower the repulsion and the total energy. In this case, these are B-type
atoms of layer 1.

However, using a toy model, we explain the previous results. Let
us take a structure with ABB stacking, with the typical intra- (y,) and
interlayer (y,) hoppings of graphene, and put an onsite potential U in
layers 2-3 (with BB stacking). In this way, we simulate an increase
in the electron energy in those layers. An increase of U would be

equivalent to a decrease of the rotation angle. The inset of Fig. 5
schematically depicts the model. We calculate the charge associated
with the last two valence bands and plot #; as a function of U. Initially,
the charge is higher in the BB layers (2 and 3), but for U larger than
~ 7p/2 there is a reversal of this trend, as it can be seen in Fig. 5.
The charge accumulates more in layer 1 for large values of U. This is
precisely the behavior of the rotated trilayer ABT.

Notice that in our toy model, values up to U = 6y, have been chosen
in order to have a Coulomb energy comparable to the bandwidth, which
is several times y,, so that the potential energy is comparable to the
kinetic energy of the relevant band.

This phenomenon does not occur in DTBG or three-layer graphene
(ATA), in which the middle layer is twisted. Incidentally, a supercon-
ducting phase has been found in these two systems, while only a Mott
insulating phase has been found in ABT [58,59].

A negative external electric field preserves the localization in the
upper layers [59]. In Fig. 4d, we show the charge localization in trilayer
ABT under an external negative electric field E = 20 meV/A 2. However,
it does not reach the level of localization observed in TBG [56], this
can be explained by looking at the band structure: The field does not
reduce the bandwidth and, therefore, the kinetic energy of the electrons
in those bands. See Appendix D for more information.

5. Summary and conclusions

In summary, we study the electron localization in a system com-
posed of two ABC trilayers (six layers in total) rotated to each other.
The system is semiconducting for large angles; the gap opens sponta-
neously due to the crystal field. The localization in the layers is similar
to that found in an ABC trilayer subjected to a small external field.
However, for small angles of rotation (less than 2°), the localization
does not follow the same trend as in TBG, where electrons concentrate
in the AA region of the unit cell; in this system, the electrons leak
to the outer layers. We argue that this is due to the presence of
an extra coupled layer that allows the electrons to move to lower
energy levels/states as the energy of the electrons increases due to the
enhanced Coulomb interaction. This behavior resembles an ABT system



F.P. Riffo et al. Carbon 222 (2024) 118952

400 —
200 ™
i 21.8°
-200

-400

400

200

-200

-400

Fig. A.1. A comparison of DFT (left panels) and TB (right panels) calculated bands around the K point. The top rows for a relative rotation angle ¢ = 21.8° and the bottom rows
for 6 = 13.1°.
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(@)

Fig. C.1. Localization of charge associated with the two highest valence bands in
trilayer ABT for a rotational angle of 1.3° (a) top view (b) lateral view.

(three layers with ABA stacking and the last layer rotated). A negative
electric field prevents the charge from spilling from the rotated layers.

Finally, we show that the charge leakage out of the rotated layers
is associated with an increase in the energy of the electrons in those
layers due to Coulomb interaction. Using a toy model, we reveal that
by increasing the energy of specific layers, the charge follows the
same behavior as that found in structures based on rotated graphene
trilayers. The charge leakage to outer layers due to Coulomb repulsion
explains the gap opening in such structures and the depletion of the
high-density AA zones for small twist angles. It provides a rationale for
the absence of superconductivity in these trilayer-based systems.
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Appendix A. Comparison of DFT and TB calculations

In Fig. A.1, we compare the electronic structure at low energies of
the DFT and TB calculations for angles 13.1° and 21.7°. The agreement
is excellent. Note that the system is a semiconductor, and the bands are
flat near the Fermi level.

Appendix B. TB calculations

Fig. B.1 shows the calculations with the TB model of double trilayer
ABC twisted for six rotational angles. All calculations were done with
the previously relaxed unit cells.

All six structures are semiconducting.

Appendix C. Charge localization for low angles

In Fig. C.1 we show a calculation of the charge localizations as
defined in Eq. (5) of the main text. In the top panel, it can be seen that
the charge associated with the two HVBs is localized in the AA region;
however, in the lateral view, it is clear that there is also a dispersed
charge in the first layer.

Furthermore, as we showed in the main part, the charge in the first
layer is mainly localized in atoms of sublattice B, the bonding ones.

r K M

r K M r

Fig. D.1. Band structure of trilayer ABT for a rotational angle of 1.05° (a) without and (b) with an external electric field of E = —80 meV/A.
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Appendix D. Trilayer ABT under an electric field

As shown in the main text, a negative external field prevents the
leakage of charge from the rotated layers. However, in the band struc-
ture (Fig. D.1), the field does not reduce the bandwidth and, therefore,
the kinetic energy of the electrons in those bands. The electrons would
not be as localized as in the TBG.

The field’s value is the same as we use in the main text to calculate
the charge redistribution within layers. The system is metallic with no
external field and remains so for relatively small fields, but for larger
ones, it becomes semiconducting.
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