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We built three periodic structures of high-angle helical trilayer graphene (hTLG-1, hTLG-2, and hTLG-3)
with a relative interlayer rotation angle (0 = 21.78°) and different initial vertical stacking (locally a Cg or Cs
symmetry) between consecutive bilayers. Two-dimensional (2D) real-space moiré patterns and the
corresponding calculated diffraction patterns showed symmetry differences between the periodic structures.
Once the atomic models were characterized in both real and reciprocal spaces, the electronic and linear
optical properties of these hTLG systems were studied using density functional theory (DFT) calculations and
interlayer compression (0) as an additional degree of freedom. The electronic band structures and total
density of states (DOS), the real part of in-plane 2D linear optical conductivity (Relo,pl), and optical
absorption (x) properties were studied. The electronic properties revealed an electron—hole asymmetry
around the Fermi energy at different § values, although strong hole localization at high compression
(0 < —19%) was obtained. Indeed, we found high Reloypl values: Reloopthw = 90 meV)] ~ 9500,
Relooplhaw = 65 meV)] = 180, and Relosp(hew = 170 meV)] = 100 for the hTLG-1, hTLG-2 and hTLG-3,
respectively, when 6 = —21.6%. oo = €°n/2h, is the optical conductivity of monolayer graphene. In addition,
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an o enhancement in the visible spectrum was obtained. These results demonstrate the relevance of the
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1. Introduction

Graphene has been a cornerstone in the field of nanomaterials
since its discovery that is known for its extraordinary electrical,
mechanical, and thermal properties. The discovery of super-
conductivity in twisted bilayer graphene (tBLG), among other
interesting phenomena such as correlated insulating states,
orbital magnetism, and resonating valence bond states,"”” has
sparked interest in exploring other geometric arrangements of
graphene. The aforementioned physical phenomena have been
ascribed to nearly flat electronic bands positioned at the Fermi

energy.®' Subsequently, similar phenomena were observed in
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initial vertical stacking and interlayer compression on the electronics and optics of hTLG superlattices.

twisted trilayer graphene (tTLG)'>™*® and twisted multilayer

graphene (tMLG) systems.'®'” Some researchers believe that
these systems represent the beginning of a new era in materials
science,'®'? since these layered and twisted van der Waals
homostructures belong to a new group of quantum nanomaterials.
Currently, the configuration of multilayered systems with prop-
erties different from those of monolayer graphene is one of the
current research topics. Among these configurations, helical
trilayer graphene (hTLG) is a fascinating structure owing to its
unique electron correlation and optical properties.”** The
hTLG consists of three graphene layers, with the top and bottom
layers twisted relative to the middle layer at specific angles. A
variant of three-layer graphene, hTLG, introduces an additional
degree of freedom, namely, helical layering. This arrangement
creates a periodic moiré pattern, which becomes a new degree of
freedom that allows us to manipulate the electronic band
structures and optical response such that it is not involved in
either the monolayer or the bilayer.

In twisted graphene systems, the interlayer rotation angle (6)
is an adjustable parameter for tuning physical properties.
However, from an ab initio perspective, the study of electronic
properties, for example, for twisted systems with low or mar-
ginal angles is limited by practical computational resources.
This is because the low 0 values imply the presence of several
thousands atoms.>* Hence, as an alternative to 6, external
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hydrostatic pressure is a prominent auxiliary variable in experi-
mental and first-principles studies.*>® The effects of pressure
on the Fermi level position, charge carrier mobility, topological
transitions, and electronic phase transitions in tBLG have been
demonstrated in recent theoretical and experimental studies.>*” >
By applying external pressure to the hTLG structure, the interlayer
distance can be set, which significantly affects the electronic
interactions between the layers. This ability to tailor the effects
of pressure is suitable for controlling the electronic and optical
properties of hTLG systems, thus turning them into versatile
platforms for studying various phenomena ranging from super-
conductivity and magnetism to advanced optical electronics. None-
theless, it is worth noting that as in bulk-graphite with AA or AB
(Bernal) stacking, the low-energy electronic properties are
different®®; moreover, the low-energy spectrum is different in tBLG
systems because of the initial vertical stacking.*”*® Vertical stack-
ing in tBLG systems is termed sub-lattice exchange parity with Cs
or C; rotation symmetry. The electronic and optical properties of
high-angle tBLG have a sublattice exchange parity dependence as
shown by Talkington and Mele in ref. 39 and 40.

In this paper, we present a theoretical study of the electronic
and optical properties of high-angle commensurate hTLG using
total energy density functional theory (DFT) calculations. We built
a minimal periodic structure of hTLG with 0 = 21.78° between
consecutive bilayers and counter-clockwise helicity. Here, we con-
sider the interlayer compression, J, and the local sublattice-
exchange parity Cs or C3,>”*° as two additional degrees of freedom
to tune the electronic and optical properties of the hTLG. This
shows that: (1) the external pressure is a versatile control knob for
tuning the electronic properties instead of 6, and (2) the initial sub-
lattice exchange parity between layers is useful for differentiating
among hTLG structures and tuning the electronic and optical
properties at high pressure. The outline of this paper is as follows:
the computational methodology is presented in Section 2, the
results and discussion are presented in Section 3, and the conclu-
sions of the results are provided in Section 4.

2. Computational methodology

The ground-state structural, electronic, and optical properties
were calculated using the DFT formalism implemented in the
SIESTA code.*™** The electron exchange-correlation effects were
described with a generalized gradient approximation (GGA) follow-
ing the Perdew-Burke-Ernzerhof (PBE) parametrization,” mean-
while, electron-ion interactions were treated with norm-conserving
Trouiller-Martins pseudopotentials.** Because SIESTA uses a linear
combination of numerical pseudoatomic orbitals (LCAO), we
employed an optimized single-{ polarized (SZP) basis set to
expand the Kohn-Sham wavefunctions with an energy mesh-
cutoff of 350 Ry. The structural parameters and forces were
converged using a I'-centered 27 x 27 x 1 Monkhorst-Pack k-
grid.*> An electronic temperature of 10 K was used for Fermi
surface broadening. The atomic positions were optimized until
the residual forces were 5 meV A~* or less, with a threshold
value for electronic self-consistency of 10~* eV. To simulate
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hTLG as a slab, we employed the supercell (SC) method with a
vacuum space of 20 A between adjacent graphene monolayers.
The atomic models were visualized using VESTA software.*®

3. Results and discussion

3.1. Real and reciprocal space

The optimized hexagonal crystal structure of monolayer graphene is
represented by the following three optimized lattice parameters:

aG = 2.46 A, bg = 2.46 A, c; = 30.00 A,
o =90° f=90° y=120°. (1)

To build the hTLG systems with local even (Cg in-plane axis
rotation symmetry) or odd (C; in-plane axis rotation symmetry)
initial stackings in the AA regions of moiré patterns, we
employed Nook-iin software’” with the following two carbon
atomic bases in fractional coordinates:

Ca = (1/3, 2/3, 0), Cg = (2/3, 1/3, 0),
Ca = (1/3, 2/3, 0), Cp = (0, 0, 0), 2)

and the procedure described in ref. 24, 26, 48 and 49 for the
highest commensurable angle of 6 = 21.78°. Fig. S1 of the ESI,
shows real space representations of the graphene monolayer
with the atomic basis defined in eqn (2). The tBLG with different
AA, AB or BA regions owing to different initial stackings are
shown in Fig. S2 of the ESL{ The green, blue, and red spheres in
Fig. 1 represent the top, middle, and bottom graphene mono-
layers, respectively. We labeled three different atomic configura-
tions: hTLG-1, hTLG-2, and hTLG-3, which correspond to even-
even, even-odd, and odd-odd parities between consecutive pairs of
layers. For example, the hTLG-1 system has an even parity between
the green and blue layers, and the same even parity is maintained
between the blue and red layers. This was observed in the regions
with AA stacking at the corners of the hexagonal lattice, as shown in
Fig. 1 and Fig. S3(a) of the ESL{ VESTA software can be used to
obtain the lattice vectors and atomic basis of the three layers using
the following transformation matrix:*®*°

m n 0
Pmn)=| -n m+n 0]. (3)
0 0 1

The m and n integer values used in eqn (3): Ps(5,3), Ps(7,0) and Pg(8,
—3) for the green, blue, and red layers, respectively, were obtained
using Nook-iin software.”” These three transformation matrices
ensure the same 0 value between consecutive bilayers. Thus, the
transformation matrices are as follows:

5 30 70 0 8 —3 0
Po=|-38 0|, Ps=|0 7 0|, Pr=]3 5 0
0 0 1 00 1 0 0 1

4)
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Fig. 1 Top panels: Top and side views of hTLG systems with 6 = 21.78° between consecutive bilayers. Black lines delimit the periodic cell. Black scale bar,
10 A. Green, blue, and red spheres represent carbon atoms at the top (L1), middle (L2), and bottom (L3) graphene layer. The average interlayer distance
(AID) is defined between the L1 and L2 graphene layers. Bottom panels: Calculated diffraction patterns projected on the (001) plane. Small colored arrows
denote diffraction spots for comparison among three structures. While large red, blue and green arrows pointing from the origin are steers to observe
different relative orientations between consecutive layers. All the white spots are normalized to the diffraction spot with the second highest intensity.

Scale in A7,

To construct the hTLG-1 system shown in Fig. 1, we used the
lattice parameters in eqn (1), the first atomic bases C, and Cg of
eqn (2), and the transformation matrices in eqn (4) for every
graphene layer in the VESTA software.*® For the hTLG-2 system,
we used the same lattice parameters as those in eqn (1), but
with the C, and Cg, C4 and Cg, and C, and Cy atomic bases for
the red, blue, and green layers of eqn (2) and the same
transformation matrix for each system in eqn (4). The last
configuration hTLG-3 was set with the C, and Cg, C' and Cy/,
and C, and Cy basis for the red, blue, and green layers in
eqn (2), respectively, and the transformation matrix for each
graphene layer in eqn (4). Using the P matrices in eqn (4), the
lattice parameter of hTLG is aptLg = +/|det P| X ag = 7 X ag.
Additionally, the |detP| yields the same number of graphene
unit cells inside the SC, that is, 49 unit cells. The three
structures shown in Fig. 1 comprise 294 carbon atoms. These
are the smallest helical structures that can be studied using
DFT formalism implemented in the SIESTA package. We built
other periodic structures with angles ranging from 8° to 30°,
but the number of atoms was greater than 1800. See the plot
and table in Fig. S3(b) of the ESLi These structures are
challenging to study numerically with DFT especially the phy-
sical properties like the linear optical properties as the optical
conductivity, g,p. Thus, our study focused on the smallest
periodic trilayer graphene owing to the limited computational
resources. Notably, the transformation matrices in eqn (4) can
be used to build other periodic helical homostructures. For
example, hexagonal boron nitride (hBN) and transition metal

This journal is © the Owner Societies 2025

dichalcogenides (TMDCs) layers. Indeed, this hTLG system is a
minimally twisted, helical, and commensurable structure with
null strain along the lattice vectors, as a result of using the
Nook-iin software.*”

With the atomic models forming moiré patterns in the real
space in Fig. 1, owing to the superposition of the three mono-
layers, the observation of symmetries or local differences
between structures is rather difficult. An alternative to discern-
ing the possible symmetries in these hTLG structures is their
reciprocal space representation as diffraction patterns (see the
bottom panels in Fig. 1). Hence, we plot the reciprocal space of
periodic hTLG systems; for each reciprocal lattice point, we
calculate its intensity value, I, using the corresponding struc-
ture factor, Fu, as I = |Fju|*. Fu is a function of the atomic
form factor, f;,(|G|). For every reciprocal lattice point,

Z Fon <‘GD eiZn(lzx,”+hy,,,Jrlz,,,)7 with

matoms

(1l ) )
ﬁn(\@\)—,iafe(”(“")

where A, k, and [ are the Miller integer indices, and x,,, y,,, and
z,, are the fractional coordinates of the atomic basis. We
considered that the electron density is spherically symmetric
such that the value of the Fourier transform, f,,, solely depends
on the distance, |G|, from the origin in reciprocal space.”® The
constants a;, b;, and ¢ for carbon atoms, a, = 2.31, b; = 20.8439,

Fhkl =

Phys. Chem. Chem. Phys., 2025, 27, 11541-11550 | 11543
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a, = 1.02, b, = 10.2075, a; = 1.5886, b; = 0.5687, a, = 0.865,
b, = 51.6512 and ¢ = 0.2156 were taken from ref. 50. The size
symbol of the circles is proportional to the I of the spots in Fig. 1.
The I value for all the peaks was normalized to the second
maximum intensity value using 100 Miller indices. Because the
diffraction spots are represented in 2D, we set the /=0 in eqn (5), to
avoid the slab thickness problem in the hTLG system.

In general, at the equilibrium average interlayer distance
(AID) of AID,, = 3.235 A, the diffraction patterns show a set of 18
small spots surrounding the origin (I" point) in reciprocal
space. This is because there are three graphene layers with six
rotational symmetries. The second set of diffraction spots is
more intense than that of the first set, but it reveals an interlayer
relative orientation difference between the consecutive layers.
This is depicted by the large colored arrows in the hTLG-1
configuration, starting from the origin. The interlayer angles
between red and blue and the blue and green arrows are the
same, 0 = 21.78°. However, the angle between the dashed green
arrow and its neighboring red arrow (equal to the angle between
the green arrow and its neighboring dashed red arrow) is small
and equal to (360° — 12 x 21.78°)/6 = 16.44°. A smaller interlayer
angle lies between the outermost green and red graphene layers.
To be precise, an interlayer angle of 16.44° is also commensur-
able and is the same angle found when a graphene bilayer is
built with integer pairs (m,n) = (5,3) as in ref. 24. The difference
in the relative orientation between the blue and red layers and
the green and red layers was observed by the arc length formed
by relating the spots indicated by arrows. The space group for
each system was obtained by using the PYMATGEN SPGLIB
module.”® The calculated space groups for the hTLG-1, hTLG-
2, and hTLG-3 systems were P622 (space group no. 177), P3
(space group no. 143), and P312 (space group no. 149), respec-
tively. Thus, their symmetric Patterson representation are P6/
mmm (hTLG-1), P3 (hTLG-2), and P31m (hTLG-3). From the
highest to the lowest symmetry configuration, hTLG-1 —
hTLG-3 — hTLG-2, the in-plane symmetry decreased; that is,
the symmetry in 2D was P6/mmm, 31m and 3 for hTLG-1, hTLG-
3, and hTLG-2, respectively. There were twelve, three and six

10" 10° 10" 10?

10" 10° 10" 10?

View Article Online
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symmetry operations in the following order: hTLG-1, hTLG-2,
and hTLG-3. From the calculated space groups, we can observe
that, in general, hTLG-1 has a six-fold rotation axis with a
symmetry plane normal to it and another not so, whereas
hTLG-2 has a three-fold inversion axis alone, and hTLG-3 has a
three-fold inversion axis with a symmetry plane not normal to it
in 3D. It should be noted that the hTLG-2 configuration lost
three ¢ mirrors in 2D compared to hTLG-1, as shown by the
asymmetry between the two spots signaled by the small orange
and pink arrows near the positive k,-axis. The spots indicated by
the purple, cyan, and orange arrows were equivalent; however,
these sets of spots were not equivalent to those indicated by the
pink, yellow, and green arrows, among others.

3.2. Density of states and band structures

Interlayer compression, d, is considered an alternative clean knob
to the relative interlayer orientation, 0, for tuning electronic
properties around the Fermi energy.>>>>%°*% Therefore, we used
J to tune the electronic and optical properties of hTLG with
different initial stackings. To simulate the compression effect in
hTLG, we left the x and y components of the atomic positions free
to relax at different AID values, while the z-coordinate was fixed.
AID can be mapped to ¢ as ¢ = (AID — AID,)/AID, x 100%. Thus, o
varied from 0% to ~ —25% with AID, = 3.235 A. Fig. 2 shows the
color map plots of the total density of states (DOS) for different
AID (or 0) values around the Fermi energy. At first glance, the
total DOS plots show electron-hole asymmetry. This is noticeable
by the energy splitting of the first van Hove singularity (VHS)
positioned at —1 eV (for holes) compared with the corresponding
VvHS at 1.2 eV (for electrons) when 6 = —1.1%, in the three
configurations. In addition, the first two lowest-energy vHSs
approached the Fermi energy at different J rates. Large asym-
metric differences were observed at 6 < —10%. For high ¢ (or low
AID) values, the hole vHS approaches the Fermi energy and leads
to a localized state in the hTLG-2 and hTLG-3 configurations.
Hence, the total DOS shows how the initial local sub-lattice
exchange parity matters and can lead to a low-energy asymmetry
near the Fermi energy. This electron-hole asymmetry may affect
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Fig. 2 Log-scale total density of states (DOS) as a function of energy and average interlayer distance (AID) or equivalently as an interlayer compression

(0). The Fermi level is set to 0 eV.
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the conductor and optical properties, and the physical properties
could be very different from those of tBLG systems. We want to
stress the possibility of a magnetic phase transition, such as
ferromagnetic or antiferromagnetic states, in the hTLG-2 and
hTLG-3 systems because of the high and narrow peaks positioned
at the Fermi energy in the total DOS.>” In these plots, the Dirac
point (DP) was identified as a narrow dark energy region for AID >
3.1 A. Finally, for AID ~ 2.5 A several bandgaps can be observed in
the valence regime solely for hTLG-1 configuration. We can
provide a rough estimation of the applied external pressure by
employing the results of ref. 26 based on DFT calculations of
twisted and periodic multilayered graphene structures. With 4 =
14.42 GPa and f§ = 9.54 (being average values between even and
odd bilayer graphene with an interlayer angle of 21.8°), in the
expression P = Ale # — 1); we calculate a pressure value of P =
51.21 GPa if the compression is = —21.6%. We want to stress that
the van der Waals interactions with the Klimes-Bowler-Michelides
(KBM) approximation® have a negligible effect on the electronic
structure at high pressures compared to the GGA (PBE) functional,
as shown in Fig. S4 of the ESL}

The band ‘folding’ is a common issue in electronic structure
calculations for periodic systems with many primitive cells
forming a commensurate supercell like hTLG. This band fold-
ing mechanism gives a ‘spaghetti’ of electronic states piled up
into mini Brilluoin zone (BZ); and it frequently gives a difficult
interpretation of physical interactions in a wide energy range
when large supercells are studied. Standard supercell band
structure calculations do not provide a direct comparison with
angle-resolved photoemission spectroscopy (ARPES) measure-
ments. Thus, an inverse approach to band folding can solve this
problem to obtain an effective band structure showing physical
interactions between layers and a more reliable comparison
with experiments.*****%° To apply the unfolding mechanism
described in ref. 49 we first plotted the BZs, the irreducible BZs,
and the high symmetry points of three graphene primitive cells
in the reciprocal space of the hTLG supercell in Fig. 3. With this
representation of reciprocal space, we can now determine the
correspondence of high-symmetry points (K and K’) from
primitive cells with those in the hTLG supercell (see inset in
Fig. 3). Note that even when K’ of the green layer, K of the blue
layer, and K’ of the red layer are positioned in the K’ of the
hTLG supercell, the electronic states of the green and red layers
do not interact directly. Instead they interact through the blue
layer. Therefore, we applied the unfolding approach along the
dashed blue k-path connecting I' - K - M — I points to
calculate the spectral weight W(k, I) for each eigenstate, k is the
wavevector and I is the band index, which is solved for each
layer. Further details regarding the unfolding approach can be
found in ref. 24, 26, 48 and 49.

We chose the hTLG systems with AID =3.03 A (0 ~ —6.37%)
to apply the unfolding method because these systems do not
show large differences in the total DOS in Fig. 2. The results in
Fig. 4 show that the electronic states around the Fermi energy
are due to the blue layer, which resembles the linear dispersion
of Dirac cones. For energies lower than —1 eV, several disconti-
nuities in the band structure were observed along the K-M

This journal is © the Owner Societies 2025
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Fig. 3 Reciprocal space of periodic hTLG with 6 = 21.78°. Lattice points
represented with black dots are surrounded by gray hexagonal mini BZs. In
the same supercell reciprocal space, the first BZs of graphene primitive
cells and their corresponding irreducible BZs are plotted with green, blue
and red colors. High symmetry points for the mini BZ are colored with light

gray.

path, where the electronic bands originated mainly from the
outer green and red graphene layers. Three electronic bands
were found for the K - I' and M — I paths, from which the
darker green band represents hybridization between the outer
red (50%) and green (50%) layers. The outer bands near the I’
point (dark blue) have contributions from the red (25%), blue
(50%), and green (25%) layers. We have identified less-
dispersive electronic states just at the M point and —1 eV with
gray color, which means an equal proportion (~33.33%) of the
three graphene layers. These last electronic states deserve
further study because of the delocalization occurring along
the direction perpendicular to the layers, whereas a high in-
plane confinement is observed by the localized states.>* This
could guide experimentalists to pursue the synthesis and in-
depth characterization of three-dimensional (3D) twistronics in
quantum layered materials.>

3.3. Optical conductivity and absorbance

Because the hTLG systems were simulated as slabs of stacked
graphene layers and a vacuum space within the supercell method,
the macroscopic dielectric function, ¢;p(w), of the hTLG material
can not be defined. Hence, to avoid the thickness problem, the 2D
in-plane optical conductivity, o,p(w), is used instead of e3p(w)>® for
linear optical property calculations. Note that the constraint of
normal incidence of polarized light on the sample is considered.
The relationship between ¢;p(w) and a;p(w) is as follows:

&p(w) =1 +6%w0'3D(w)7 (6)

where ¢&;p, is ¢ in the bulk, &, is the vacuum permittivity and o5, is the
3D bulk optical conductivity. Alternatively, o3p(w) = 1 — &3p(w)Jeo-
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Fig. 4 Unfolded band structures calculated along the high symmetry k-path for blue primitive cell. Along the same k-path, the electronic contributions
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The a3p(w) can be related to the o,p(w) through the slab thickness Z,
as follows:>"®

(7)

Finally, the real part of o, (also known as the longitudinal
conductivity component), Re[o,p(w)], was calculated instead of
&(),°>% which is equivalent to the imaginary part of é&;p,
Im[e;sp], and incorporates the light absorption mechanism in
2D materials. The Im[o,p(w)] term is similar to the Re[ezp(w)]
term and is related to the refractive index. Thus, once the
ground state electronic properties of the hTLG systems were
calculated for several J values, we proceeded to calculate the
real, &(w), and imaginary, &(w), parts of the frequency-
dependent complex dielectric function ¢(w). For this purpose,
an electric field was applied along the x-direction to determine
&(w) and &(w) within the single-particle approximation
neglecting the Drude contributions (intraband transitions) for
low energies. Thus, only the direct (q — 0) electronic interband
transitions were calculated.

Fig. 5 shows the Re[o,p] values for the three different hTLG
systems as a function of d. The uncompressed systems exhib-
ited a sharp peak in 7w ~ 4.2 eV due to transitions between
electronic states located at the van Hove singularities (around
the M point in the band structure) of graphene monolayer,
meanwhile Re[o,p] & 30, (With ¢, = €>n/2h the conductance
quantum) at low energies. For most incident photon energies, a
significant enhancement in Re[o,p] is observed when the
interlayer compression, d, increases. However, a contrary effect
is observed around fiw ~ 4.2 eV, because Re[o,p] dropped with
the interlayer compression strength. Notice that, a peak split-
ting is observed with reduced intensities for the minimal
compression strength (see the more intense blue lines), for
ho ~ 4.2 eV. At low photon energies, the compressed trilayers
exhibit the most remarkable increase in Re[o,p]; see the
bottom panels in Fig. 5. For a high compression value of § ~
—21.6%, the Re[a,p] increased by up to ~ 9.50, (A = 90 meV),

0ap(®) = Losp(w).

1546 | Phys. Chem. Chem. Phys., 2025, 27, 11541-11550

L1, L2 and L3 layer contribution similar to Fig. 1.

180, (hw = 65 meV), and 100, (Ao = 170 meV) for the hTLG-1,
hTLG-2, and hTLG-3 systems, respectively. Furthermore, for the
low-photon energy regime and intermediate compression
values, the hTLG-1 system exhibited smaller values of Re[g,p)]
than o,, as shown in Fig. 5. The high Re[o,p] values at low
incident photon energies can be ascribed to direct electron
transitions in the corresponding SC band structure, as shown
in Fig. 6. The colored band structures in Fig. 6 show the
contribution or mixing of each layer for every electronic state,
in a format similar to that in Fig. 4. The possible direct band-to-
band electronic transitions are indicated by the vertical red
arrows, leading to the maximum conductivity values indicated
by the small blue arrows in Fig. 5. Even when there are a large
number of vertical electronic transitions, as shown in Fig. 6, the
optical transition rate probability, which is a function of the average
dipole moment operator, should be considered to discard electro-
nic transitions with a null transition probability. It is important to
note that the hTLG-2 structure with lower P3 symmetry has a
maximum Re[o,p] = 180, value at a high J compression.

The enhancement of Re[o,p] for energies less than 0.5 eV,
and in the energy range between ~1.5 to ~3.5 eV, is a clear
fingerprint of an increase in optical absorbance, 4, for the
incident perpendicular light to the system because:®

A= 4711:RC[O'2D}7 (8)
where ¢ is the speed of light. On the other hand, we also
calculated the in-plane linear optical absorption coefficient,
o(w), from the ¢;(w) and the &,(w) parts as follows:

a(w) = @[\/812 + 6?2 — 312]

D=

©)

Fig. 7 shows the calculated o values for the different o values.
The rainbow window indicates the photon energy in the visible
range. Generally, an « enhancement is observed as the inter-
layer compression increases. However, around zw ~ 4.2 eV, the
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Fig. 6 Supercell electronic band structures calculated along the paths defined by the high symmetry points in Fig. 3. The high compression value is § =
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below zero eV means an n-doping effect. Vertical dashed red arrows indicate possible direct electron transitions. The Fermi energy is set to 0 eV.
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range of visible electromagnetic spectrum.

compression strength suppresses the optical absorption as was
observed for Re[o,p], according with the experimental results of
pressurized trilayer graphene.®® Theoretical studies have reported
that, for non-twisted multilayer graphene with Bernal stacking
(ABAB...), the peak intensity in « increases as the number of
graphitic layers do, and peak splitting at o ~ 4.2 eV emerges for
trilayer and tetra-layered systems using out-of-plane polarization
components of the electromagnetic field.®* These results show
that for low incident energies, <0.5 eV, the hTLG systems absorb
perpendicular or parallel incident electromagnetic radiation dif-
ferently, with more prominent perpendicular absorbance proper-
ties for the hTLG-2 structure, as shown in Fig. 5.

4. Conclusions

We studied the structural, electronic, and linear optical proper-
ties of three different periodic helical three-layer graphene
(hTLG) systems using the total-energy DFT formalism. The
interplay between the initial stacking (sub-lattice exchange
parity) and interlayer distance for the tuning and enhancement
of electronics and optics was addressed. Once the periodic
atomic models were built, the diffraction patterns were calcu-
lated by considering the structure factor to detect the differ-
ences among the three configurations. Loss-symmetry behavior
was observed from the highest (hTLG-1) to the lowest (hTLG-2)
structure. Regarding the electronic structure, the total density
of states is a tunable electronic property because it depends on
the initial stacking fault and interlayer compression to achieve
strongly localized asymmetric states around the Fermi level.
The calculated effective band structures reveal clear interlayer
interactions, such as hybridizations, and are likely in-plane
confined but normal plane delocalized electronic states that
connect the three layers. Finally, a substantial enhancement is
observed in the linear optical properties, such as in the optical
conductivity for lower energies (<1.5 eV) and in the optical
absorbance mainly in the visible spectrum for practical opto-
electronic applications. These theoretical results demonstrate

11548 | Phys. Chem. Chem. Phys., 2025, 27, 11541-11550

Energy of incident light (eV)

3 4 5 6 7 o 1 2 3 4 5 6 7
Energy of incident light (eV)

In-plane linear optical absorption as a function of incident energy light and interlayer compression d. The rainbow window delimit the energy

the importance of initial vertical stacking and interlayer com-
pression in the electronics and optics of hTLG superlattices,
which can conveniently lead to experimentalists.
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