UNIVERSIDAD AUTONOMA DE BAJA CALIFORNIA
FACULTAD DE CIENCIAS

POR LA REALIZACION PLENA DEL SER

=
N Z
&
o
=
—
<
S
=
<
P

MAESTRIA EN CIENCIAS E INGENIERIA

"QUANTUM TRANSPORT IN KEKULE-MODULATED
TWO-DIMENSIONAL MATERIALS"

TESIS

QUE PARA OBTENER EL TITULO DE:

MAESTRO EN CIENCIAS
PRESENTA:

LUIS EDUARDO SANCHEZ GONZALEZ

Dr. Ramon Carrillo Bastos ~ Dr. Jesus Alberto Maytorena Cérdova
Director de Tesis Codirector de Tesis

Ensenada, Baja California, México, octubre de 2025



UNIVERSIDAD AUTONOMA DE BAJA CALIFORNIA
FACULTAD DE CIENCIAS

"QUANTUM TRANSPORT IN KEKULE-MODULATED
TWO-DIMENSIONAL MATERIALS"

TESIS PROFESIONAL
PRESENTA:
LUIS EDUARDO SANCHEZ GONZALEZ

APROBADO POR:

% % C)Zv/'? A, M’O/kﬂ@ﬂﬂ/o.

Dr. Ramén Carrillo Bastos Dr. Jesus Alberto Maytorena Cérdova
Director Co-Director
Dr. Franc1sco Mireles Higuera Dr. Franc1sc nio Domlnguez Serna
Sinodal 1nodal

Vi

Dr. Roberto Romo Martinez
Sinodal



To my mother, with love.



Acknowledgments

Alone we can do so little;
together we can do so much.
Helen Keller

I would like to express my deepest gratitude to my mother, Gabriela Gonzdlez, and
my brother, Nicolads Sanchez, for their unconditional support, patience, and love through-
out my master’s studies. To Katheri Guardiola, thank you for your companionship during
this journey, for listening to me, and for your unwavering encouragement. Above all, to
my mother, Gabriela, thank you for your tireless effort, for always providing me with
a dignified life, and for giving me the opportunity to pursue my education. Words fall
short to express how grateful I am for all that you have done for me. All my achievements
are dedicated to you.

I am also sincerely thankful to my friends in Ensenada. In particular, Edmundo,
thank you for your constant support and for making my experience in Ensenada more
meaningful and enjoyable. Your help over these two years has truly been invaluable.
To my friends in Saltillo, thank you as well for your enduring support from afar and for
keeping in touch despite the distance.

My deepest appreciation goes to Dr. Ramoén Carrillo, not only for his guidance
throughout the development of this thesis but also for his trust, patience, and steadfast
support that extended beyond the academic sphere. His mentorship has been funda-
mental to my formation and will undoubtedly remain a cornerstone of my academic
and professional path.

I would also like to extend my gratitude to the members of my thesis committee:
Dr. Jestus Maytorena, Dr. Francisco Mireles, Dr. Roberto Romo, and Dr. Francisco
Dominguez, for their time, insightful comments, and valuable contributions. I am equally
grateful to all the professors who took part in my academic training during the master’s
program. As Isaac Newton once said, “If I have seen further, it is by standing on the
shoulders of giants.”

Finally, I acknowledge the Consejo Nacional de Humanidades, Ciencias y Tecnologias
(CONAHCYyT), now the Secretaria de Ciencia, Humanidades, Tecnologia e Innovacién
(SECIHTTI), for the financial assistance granted during my graduate studies. Scholarship
No. 1275287.

Luis E. Sanchez Gonzalez
Ensenada, November 25th 2025

IV



“There’s plenty of room at the bottom”
- Richard Feynman



Abstract of the thesis presented by Luis Eduardo Sanchez Gonzdlez as a partial re-
quirement to obtain the degree of Master in Science. Ensenada, Baja California, México,
november 2025.

Quantum transport in Kekulé-modulated two-dimensional materials

Two-dimensional materials are promising candidates for the next generation of elec-
tronic and optoelectronic devices due to their novel physical properties. Among them,
graphene stands out for its exceptional electronic behavior. Beyond pristine graphene,
space-modulated materials such as Kekulé-distorted graphene, characterized by a +/3 x
V'3 superlattice, exhibit rich valley phenomena. In this work, we study the electronic
structure and optical response of Dirac materials featuring Kekulé modulation.

Inspired by representative two-dimensional Dirac systems, we introduce a hybrid
model, a a-7; model featuring a Kekulé pattern modulation. Such a hybrid system may
result from the deposition of adatoms in a hexagonal lattice, where the two sublat-
tices are displaced in the perpendicular direction, like in germanene and silicene. We
derive analytical expressions for the energy dispersion and the eigenfunctions using a
tight-binding approximation of nearest-neighbor hopping electrons. The energy spec-
trum consists of a double-cone structure with Dirac points at zero momentum caused by
Brillouin zone folding and a doubly degenerate flat band owing to destructive quantum
interference effects.

Furthermore, we study the spectrum of intraband and interband transitions through
the joint density of states, the optical conductivity, and the Drude spectral weight for
three Kekulé phases: Kek-Y, Kek-O, and Kek-a. We identify unique features such as
intervalley transitions, multistep conductivity profiles, and a characteristic and tunable
absorption window arising from the intervalley response. Additionally, we study the
influence of finite temperature, revealing thermal broadening effects and a resonance
peak associated with intervalley coupling.

Our findings highlight distinctive signatures in the optical conductivity that may
serve as a viable signature for detecting Kekulé periodicity in two-dimensional materials.

Keywords: Dirac materials, Kekulé modulation, optical conductivity.
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Resumen de la tesis presentada por Luis Eduardo Sanchez Gonzéalez como requisito
parcial para obtener el grado de Maestro en Ciencias. Ensenada, Baja California, México,
noviembre de 2025.

Transporte cuantico en materiales bidimensionales con periodicidad Kekulé

Los materiales bidimensionales (2D) son candidatos prometedores para la prox-
ima generacion de dispositivos electrénicos y optoelectrénicos debido a sus novedosas
propiedades fisicas. Entre ellos, el grafeno destaca por su excepcional comportamiento
electrénico. Mas alla del grafeno pristino, los materiales modulados espacialmente,
como el grafeno con distorsién Kekulé, caracterizado por una superred de /3 x /3,
presentan una rica fisica de valle. En este trabajo, estudiamos las propiedades electroni-
cas y la respuesta optica de materiales de Dirac con periodicidad Kekulé.

Inspirados en sistemas bidimensionales de Dirac representativos, introducimos un
modelo hibrido: el modelo a-7; con periodicidad Kekulé. Este sistema hibrido puede
originarse a partir del depdsito de atomos en la superficie sobre una red hexagonal, en
la que los dos subredes estan desplazadas en direccién perpendicular, como ocurre en
materiales como el germaneno y el siliceno. Derivamos expresiones analiticas para la
estructura de bandas y las funciones de onda empleando un modelo de amarre fuerte a
primeros vecinos. El espectro de energia exhibe una estructura de doble cono con puntos
de Dirac en el centro de la zona de Brillouin, producto del plegamiento de la zona, y una
banda plana doblemente degenerada, resultado de la interferencia cudntica destructiva.

Asimismo, analizamos el espectro de transiciones intra- e interbanda a través de la
densidad conjunta de estados, la conductividad éptica y el peso espectral de Drude para
tres fases Kekulé: Kek-Y, Kek-O y Kek-a. Identificamos caracteristicas tinicas, como tran-
siciones entre valles, perfiles escalonados en la conductividad y una ventana de absorcion
caracteristica y ajustable, originada por la respuesta intervalle. Ademds, estudiamos el
efecto de la temperatura finita, observando un ensanchamiento térmico del espectro y
un pico de resonancia asociado al acoplamiento intervalle.

Nuestros resultados revelan firmas distintivas en la conductividad éptica que podrian
servir como indicadores viables para detectar la periodicidad Kekulé en materiales bidi-
mensionales.

Palabras clave: materiales de Dirac, periodicidad Kekulé, conductividad éptica.
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Dr. Ramoén Carrillo Bastos
Director de tesis
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Introduction

Carbon is one of the most extensively studied elements and forms the backbone of or-
ganic chemistry. Its significance arises from its wide range of applications across different
fields, including electronics [1] and medicine [2]. For this reason, theoretical and exper-
imental research on carbon-based materials has become an active area of investigation,
playing a central role in nanoscience and nanotechnology [3]. Moreover, carbon exhibits
a rich variety of allotropes. Among the most well-known are diamond and graphite
(three-dimensional), but during the 20th century, additional forms were discovered,
such as fullerenes (zero-dimensional) [4] and carbon nanotubes (one-dimensional) [5].

The existence of two-dimensional crystals at finite temperature was long considered
impossible, due to thermal fluctuations destroying long-range positional order. This be-
lief was grounded in the Mermin-Wagner theorem [6], which shows that continuous
symmetries cannot be spontaneously broken in one or two dimensions at finite temper-
ature having sufficient short-range interactions. However, in 2004, A.K. Geim and K.S.
Novoselov from the University of Manchester reported a two-dimensional carbon struc-
ture [7], known as graphene, composed of carbon atoms arranged in a hexagonal lattice
resembling a honeycomb. This groundbreaking discovery sparked intense interest in
this novel material due to its remarkable electronic [8-10], optical [11, 12], mechani-
cal [13, 14], thermal [15], and chemical [16, 17] properties. Consequently, graphene
has inspired many scientific studies and led to the emergence of a new class of materials:
two-dimensional materials.

Beyond its technological potential [18], graphene has sparked deep theoretical inter-
est. A key theoretical interest lies in its novel and distinct electronic and transport prop-
erties. In graphene, electrons behave as massless relativistic fermions described by the
Dirac equation [8, 19]. This feature makes graphene a bridge between condensed mat-
ter physics and high-energy physics [20]. As a result, there has been growing interest in
identifying other systems where electrons mimic massless Dirac fermions—collectively
known as Dirac materials [21]. Some notable examples include the a-7; model [22],
graphene with Kekulé distortion [23-25], and the orthorhombic borophene structure

1



(b) (<) (d)

Figure 1.1: Allotropes of carbon. (a) Fullerenes (C,,) are molecules consisting
of wrapped graphene by the introduction of pentagons on the hexagonal lat-
tice. (b) Carbon nanotubes are rolled-up cylinders of graphene. (c) Graphene
is a honeycomb lattice of carbon atoms. (d) Graphite can be viewed as a stack
of graphene layers.

8-Pmmn [26, 27], among others.

Although graphene exhibits remarkable electronic behavior, its gapless band struc-
ture presents a fundamental limitation for electronic device applications. The absence
of an energy gap between the conduction and valence bands leads to a finite minimal
conductivity, making it difficult to switch off electrical current [28]. For this reason,
engineering a tunable bandgap is a central goal in graphene-based electronics. One
promising approach involves modifying the band structure through external electro-
magnetic fields, which can induce metal-insulator transitions. For example, circularly
polarized light can open a bandgap in graphene’s spectrum [29]. A related challenge in
probing the spectral properties of Dirac systems is that transport experiments typically
require electrical contacts, which may introduce complications. Optical methods offer
a powerful alternative, providing access to electronic properties through non-invasive,
contact-free measurements. In the case of graphene, numerous optical experiments us-
ing electromagnetic radiation have unveiled essential features of its band structure and
dynamics [30].

A primary physical property to investigate in a new material is its response to an
external electromagnetic field. The optical conductivity, for instance, provides valuable
insight into the nature and shape of the energy bands. Other optical properties, such as
polarization rotations (known as the Kerr and Faraday effects), also offer information
about the band structure and have been widely studied in recent years. Furthermore, in
Dirac systems, the valley degree of freedom has been shown to play a significant role in
optical phenomena, leading to the emergence of an entirely new research field known as
valleytronics [31], which aims to study and manipulate the valley index for applications
in electronic and optoelectronic devices [32].

Another promising route to engineer the electronic spectrum of graphene involves
modifying its lattice structure through spatial modulation. In particular, spatial bond
modulation can induce exotic effects in the electronic properties of two-dimensional
materials [33-37]. One of the most interesting examples of spatial modulation is the



1 INTRODUCTION 3

Kekulé distortion in the graphene honeycomb lattice [23-25, 38], where the lattice ac-
quires a bond density wave with superlattice unit cell +/3 x +/3 larger than the original
unit cell. As a result, Brillouin zone folding brings the K,K’ points to the center of
the Brillouin zone (I' point). Experiments suggest two types of Kekulé modulations in
graphene with distinct low-energy spectrum [25, 39]: the so-called Kek-Y phase with
two Dirac cones with different velocities, and the Kek-O phase with a doubly degenerate
massive Dirac band. Several mechanisms have been proposed to generate phases with
different Kekulé distortions, such as surface atom adsorption [40-44], electron-phonon
interactions [45, 46], electron-electron interactions [47, 48], biaxial strain [49, 50],
and heterostructures [51-53], indicating its ubiquitousness in hexagonal lattices [54].
For instance, the Kek-M phase has been theoretically proposed, where the enlargement
of the primitive cell is achieved by periodically adjusting the onsite potential [55-57],
suggesting the possibility of realizing other Kekulé-like phases without bond modula-
tion. Theoretical studies have shown that a specific type of Kekulé phase leads to an en-
ergy gap, highlighting the importance of identifying the response associated with such
a phase [25]. In this context, electrical and optical signatures offer a promising avenue
for studying and understanding the mechanism behind the Kekulé phase [56, 58-64].

From a topological perspective, Kekulé-distorted graphene was first proposed as a
novel platform hosting fractionally charged topological excitations [34]. Mechanical
strain applied to graphene-based heterostructures with Kekulé patterning also gives rise
to intriguing topological effects [65]. Moreover, Kekulé distortion is one of the suggested
mechanisms behind the superconducting and correlated insulating states behavior in
magic-angle twisted bilayer graphene [66-71], further increasing the interest in the
study of Kekulé-patterned superlattices.

Beyond lattice distortions such as the Kekulé pattern, another exciting avenue in two-
dimensional materials research involves systems with flat bands due to their unique
electronic and transport properties, making them ideal platforms for exploring novel
physical phenomena [36, 72-81]. The observation of correlated insulator states and
signatures of unconventional superconductivity in twisted bilayer graphene [73] has
further fueled the interest in systems hosting flat bands close to the Fermi level [82, 83].

Line graphs [75, 84-86], such as the kagome and pyrochlore lattices, along with
bipartite lattices like the Lieb and dice lattices [75, 87-89], naturally host flat bands
in their energy spectrum thanks to destructive interference between electron wavefunc-
tions. The a-7; model [22, 90, 91] is a simple example of flat-band system which con-
tinuously evolves between the graphene and dice lattice by modulation of a hopping
parameter. Its crystal structure consists of a honeycomb lattice, with an additional site
at the center of each hexagon that couples to neighboring atoms with only one of the sub-
lattices, hosting a flat band and Dirac cones close to the Fermi level. Numerous studies
are dedicated to unraveling the mechanisms behind the emergence of flat bands in Dirac
systems [80, 92, 93] and how they give rise to a variety of quantum phases [94, 95]. The
optical response of flat bands has also been studied [96-100], but since the group ve-
locity in these bands vanishes, identifying clear optical signatures in the low-frequency
range seems challenging.

In this context, the present thesis aims to study quantum transport in two-dimensional
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materials with Kekulé modulation. As the main contribution, we propose a new model,
a a-7; model featuring a V3 x 4/3 Kekulé pattern modulation (Kek-a) [101]. We focus
on analyzing the impact that different Kekulé phases (Kek-Y, Kek-O, and Kek-a) have
on the electronic and optical properties of the system. The structure of the thesis is as
follows:

* Chapter 2: Two-dimensional Dirac materials. We reviewed the electronic proper-
ties of well-known Dirac materials, including pristine graphene, Kekulé-distorted
graphene, the a-7; model, and buckled honeycomb lattices.

e Chapter 3: Linear optical conductivity. We introduce the basics of linear response
theory, emphasizing the Kubo formalism and its application to calculating optical
conductivity. As an illustrative example, we present a detailed derivation of the
optical conductivity of graphene.

e Chapter 4: Kekulé-modulated a — 7; model. A hybrid model combining the a-7;
lattice and Kekulé modulation is introduced and studied. Analytical expressions
for the band structure and eigenstates are obtained using a tight-binding approx-
imation.

e Chapter 5: Optical response of Kekulé systems. The optical conductivity of the
Kek-Y, Kek-O, and Kek-a phases is computed and analyzed. We discuss the main
features that characterize the optical signatures of Kekulé periodicity.

* Chapter 6: Conclusions. Finally, we summarize the main results of this thesis and
present a conclusion.



Two-dimensional Dirac materials

2.1 Pristine graphene

2.1.1 Lattice geometry

In a graphene lattice, carbon atoms are arranged in a hexagonal pattern forming a crystal
structure reminiscent of a honeycomb, as shown in Fig. 2.1(a). This crystal can be viewed
as two superimposed triangular Bravais lattice with two atoms per unit cell, labeled A
and B [102-105]. The lattice vectors that generate the entire crystal from the unit cell

are given by
a a
a,=3(v3,3), a,=2(-v33), (2.1.1)
where a ~ 1.42 A is the nearest-neighbor distance between carbon atoms. The vectors
connecting a site on sublattice A to its three nearest neighbors are

5125(@,1), 5223(_@,1), &, =a(0,~1). (2.1.2)

Due to the periodicity of the lattice, the corresponding reciprocal lattice vectors {b;}
satisfy the condition a; - b; = 276;;. Using Eq. 2.1.1, we find

2 2
b, = 25(v/3,1), b, = =2(—v/3,1). (2.1.3)
3a 3a
Figure 2.1(b) shows the reciprocal lattice, which also forms a hexagonal structure. The
shaded region represents the Brillouin zone (BZ), defined as the Wigner—Seitz cell of

the reciprocal lattice. The six corners of the BZ are particularly important, known as the
Dirac points [103]. By symmetry, these six points can be reduced to two inequivalent

ones, labeled K, given by
41 )
* ( 3v/3a

5
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(a) (b)
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Figure 2.1: (a) Graphene lattice with primitive vectors a, and a,. The vectors
0, connect each atom to its three nearest neighbors. The gray parallelogram
represents the unit cell. (b) Reciprocal lattice of graphene with reciprocal
vectors b; and b,. The first Brillouin zone is shown as the gray hexagon.

Simple rotations can generate the remaining corners from K, . These points play a central
role in the physics of graphene [8, 103].

2.1.2 Tight-binding model

In its ground state, an isolated carbon atom has the electronic configuration 1s* 2s% 2p?,
with six electrons bound to the nucleus, four of which are valence electrons. Carbon can
increase the effective number of orbitals available for bonding through a process known
as hybridization. In graphene, the 2s, 2p,, and 2p, orbitals hybridize to form three sp*
orbitals, which generate strong covalent o bonds between neighboring carbon atoms
[3, 102]. These o bonds give rise to o bands that lie far below the Fermi energy, as
shown in Fig. 2.2(b), and are therefore usually neglected when analyzing the electronic
properties of graphene [102, 103].

The fourth valence electron occupies the p, orbital, which is oriented perpendicular
to the plane defined by the o bonds (see Fig. 2.2(a)). The overlap between adjacent
p, orbitals leads to two 7 bands, which govern the low-energy electronic excitations in
graphene. In the following, we describe the electronic structure of these m bands using
a nearest-neighbor tight-binding model.

The tight-binding Hamiltonian for graphene, considering only nearest-neighbor hop-

ping, is given by
H =ZeAa;rai +ZeBb}'bj—tZ(ajbj + b;ral-), (2.1.5)
i J (ij)

where ¢, and ¢; are the on-site energies of the A and B sublattices, and t ~ 2.7V is the
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(a) (b)

Q

Figure 2.2: (a) Graphene lattice and its electronic orbitals. The o orbitals
form strong covalent bonds with neighboring carbon atoms, while the 7 or-
bitals are responsible for charge carrier conduction. (b) Schematic showing
that the 7 bands lie near the Fermi level E,, whereas the o and o* bands are
separated by a large energy gap. Adapted from [3].

hopping parameter between neighboring p, orbitals [103]. Since atoms on sublattices
A and B are identical, we may set ¢, = €5 = 0 without loss of generality, corresponding
to a global shift in the energy spectrum.

In terms of the lattice geometry, the tight-binding Hamiltonian for graphene (or any
honeycomb lattice) can be written as

H=—t ZZSI a’b,,s, +He,, (2.1.6)

r n=1

where r runs over the positions of the A sublattice, 8, are the vectors connecting each A
site to its three nearest B-site neighbors, and t is the nearest-neighbor hopping param-
eter.

To analyze the system in momentum space, we express the creation and annihilation
operators in their Fourier representations:

1 " L1 ter 1
a,=—— e"Tay, a' = — e Ta’, (2.1.7)
T R

keBZ

where N is the number of unit cells, and k = (k,,k,) denotes the crystal momentum
within the Brillouin zone. In momentum space, the Hamiltonian takes the form

H= > WHK)Y, (2.1.8)
k
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(a) Banda 7* (b)

Energia (eV)

Figure 2.3: (a) Band structure of the nw-bands of graphene from the nearest-
neighbor tight-binding model. The inset shows the linear dispersion around
a Dirac point. (b) Dispersion relation along a high-symmetry path in the Bril-
louin zone, with t = 2.7;eV.

where
3

W) () S e

n=1

Here H(K) is the Bloch Hamiltonian and f (k) is the structure factor which encodes the
lattice geometry through the nearest-neighbor vectors 4,,.

A compact and insightful way to express the Bloch Hamiltonian is in terms of the
Pauli matrices:

H(k) = Ak) - o, (2.1.10)
where A(k) = (Re{f (k)},Im{f(k)}) and o = (o,,0,) are the Pauli matrices acting on
the sublattice (pseudospin) space.

The corresponding Schrodinger equation is H (k) [4(k)) = E(k) |4 (k)), and upon di-
agonalization, the energy dispersion relation becomes

E, (k) =n|f k), (2.1.11)

where 1 = + labels the conduction and valence bands. Substituting the explicit form of
f (k), the dispersion relation simplifies to the well-known form:

E, (k)= nt\J 3+ 2cos(\/§kxa) + 4 cos (?kxa) Ccos (%kya). (2.1.12)

As shown in Fig. 2.3, the m and ©* bands touch at the corners of the Brillouin zone, i.e.,
E,(K.) = 0, which corresponds to the Fermi level. The band crossing at the Dirac points,
characterized by a linear dispersion, identifies graphene as a Dirac semimetal.
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Finally, the eigenstates of the system can be parametrized in terms of the vector A(k)
as

|¢n(k)> = %(neiltp(k))’ (2.1.13)

where 1 = + is the band index and (k) = tan™![Im{f (k)}/Re{f (k)}] is the azimuthal
angle of A(k).

2.1.3 Dirac massless fermions

Many of the physical properties of graphene and related materials are studied in the
low-energy regime. In graphene, the low-energy approximation consists of expanding
the Hamiltonian around the points K.. Here, the parameter £ = =+ is introduced to
denote the so-called valley index, which distinguishes expressions corresponding to the
K, and K_ points, respectively. In Fig. 2.3, it can be seen that the energy bands touch
at two points, which correspond to the corners of the Brillouin zone (BZ). Regions far
from these points correspond to high-energy states.
At low energies, the Bloch Hamiltonian can be expanded to first order around the K;
points as
H(K) ~ H(K:) + (k—K;) - ka(k)|k=K€ + O(K?). (2.1.14)

Note that performing a Taylor expansion of a Hamiltonian—or more generally, of a ma-
trix—is equivalent to expanding each of its elements individually. This leads to the
expression

fo@= hj—fl(iqx—iqy), (2.1.15)

where q = k—K;. Thus, we recover the low-energy Hamiltonian

_ 0 <qu - lqy
He(q) = hvy (gqxﬂ.qy 0 ) (2.1.16)

where the Fermi velocity [103] is given by v; = 3¢ ~ 10° m/s, which is constant and

independent of energy or momentum. This contra?'zs with the free-electron case, where
the velocity depends on the momentum and the effective mass.

Just like the full Bloch Hamiltonian #(k), the low-energy Hamiltonian can be written
in terms of Pauli matrices:

He(@Q =vpp-0og, (2.1.17)

where p = fiq is the momentum measured relative to the K; points, and o; = (£0,,0,).

The eigenvalue equation H.(q) |\I{5(q)> =£:(q) |\Ifg(q)> yields the low-energy dispersion
relation
£,(q) = nhvg|q|, (2.1.18)

and the corresponding eigenstates are

¥i(@) = % (ne}wq), (2.1.19)
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where 6, = tan_l(qy /q.) is the azimuthal angle in momentum space.

It is important to note that the dispersion relation in Eq. 2.1.18 closely resembles that
of ultra-relativistic particles described by the massless Dirac equation [19]. This implies
that, near the six corners of the first Brillouin zone, electrons in graphene behave as
massless Dirac fermions [8]. This resemblance is the reason why the points K, and K_
are referred to as Dirac points.

Although it is common to treat each valley K, independently, one can also consider
the valley as an internal degree of freedom and combine both valleys into a unified
expression. The resulting full low-energy Hamiltonian reads

H(q) = (VFP(;‘” va9 0_). (2.1.20)

This Hamiltonian describes low-energy electrons in graphene and strongly resembles the
Dirac Hamiltonian, with the Fermi velocity replacing the speed of light. In analogy with
relativistic quantum mechanics, the Pauli matrices here act not on real spin, but on the
sublattice (A/B) and valley degrees of freedom—this is referred to as pseudospin [106,
107]. Another useful analogy lies in the band index nn = %, which plays the role of
particle type: a carrier in the conduction band (+) behaves as a particle, while one in
the valence band (—) behaves as an antiparticle, commonly referred to as a hole.

2.2  Kekulé-distorted graphene

A density wave (DW) is a phase of matter characterized by a spatial modulation of
a physical quantity, such as charge, spin, or bond strength, often accompanied by a
periodic lattice distortion [108]. In graphene, such a distortion can emerge in the form of
a bond-order wave where strong and weak bonds alternate periodically across the lattice.
This phenomenon, known as the Kekulé distortion, has been experimentally realized
through several techniques [23, 24, 38].

The Kekulé distortion is that the lattice acquires a bond density wave with super-
lattice unit cell +/3 x +/3 larger than the original unit cell. As a result, Brillouin zone
folding brings the K and K’ points to the center of the Brillouin zone (T point). Experi-
ments suggest two types of Kekulé modulations in graphene: the so-called Kek-Y pattern
characterized by a bond configuration resembling "Y’-shaped motifs in the hexagonal lat-
tice, and the Kek-O pattern features a more symmetric ’O’-like distribution of alternating
bonds, reminiscent of the bond pattern in benzene, as shown in Fig. 2.4. These distinct
textures result in qualitatively different low-energy electronic behaviors.

The first experimental observation of Kekulé distortion in graphene was reported
by Gutiérrez et al., who grew a monolayer of graphene epitaxially on a Cu(111) sub-
strate [23]. In this system, the topmost copper layer exhibits a periodic arrangement of
vacancies, which interact with the graphene layer and induce a spontaneous Kek-Y bond
modulation [see Fig. 2.4 (a)]. This mechanism is often called the “ghost adatom” effect,
as the missing copper atoms mimic the role of virtual adatoms that locally modulate the
graphene lattice. On the other hand, the Kek-O phase has been observed under differ-
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Figure 2.4: (a) Schematic representation of the experimental setup used to
induce the Kek-Y distortion in graphene: a monolayer graphene is grown epi-
taxially on a Cu(111) substrate. Adapted from [23]. (b) Setup leading to the
Kek-O distortion: Li-intercalated bilayer graphene supported on SiC, where
adatoms stabilize the Kek-O pattern. Adapted from [24]. In both, the inset
shows the resulting enlarged unit cell of the superlattice.

ent conditions, such as in Li-intercalated bilayer graphene supported on SiC [24] [see
Fig. 2.4 (b)] and in mono- and bilayer graphene upon potassium doping [109]. In this
case, the Kekulé modulation arises from the presence of adatoms or local strain fields
that modify the hopping amplitudes between carbon atoms. This highlights an impor-
tant distinction: Kek-Y distortions are typically induced by substrate vacancies (ghost
adatoms). In contrast, Kek-O patterns are often stabilized by real adatoms that directly
modify the carbon—carbon bonding. More recently, it has been observed that placing a
graphene monolayer on a SiO, substrate can lead to the emergence of both Kek-Y and
Kek-O phases, due to local deformations induced in the graphene lattice [39].

From a theoretical standpoint, Kekulé distortions are understood as short-wavelength
modulations characterized by wavevectors that connect the inequivalent Dirac points K
and K’ points, thus inducing intervalley coupling [25, 45, 110]. The bond modulation
mimics the Peierls instability in one dimension and can be viewed as a two-dimensional
analog of the Su-Schrieffer—-Heeger model [111]. A wide range of mechanisms have
been proposed to generate Kekulé-ordered phases in graphene and related systems [40-
54, 112], indicating its ubiquitousness in hexagonal lattices [54], suggesting the possi-
bility of realizing other Kekulé-like phases without bond modulation.

2.2.1 Real-space formulation

Kekulé textures (Kek-O and Kek-Y) have been theoretically proposed and analyzed within
a tight-binding framework [25]. Let us consider the graphene lattice as defined in the
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(b)

Figure 2.5: Kekulé-distorted graphene in real and reciprocal space. Real-
space representation of graphene with (a) Kek-Y distortion (v = 1) and (b)
Kek-O distortion (v = 0), where the periodic modulation of strong and weak
bonds is illustrated using red and black lines. The gray parallelogram indicates
the enlarged unit cell of the Kekulé superlattice. (c) Brillouin zone folding
in reciprocal space: the original Brillouin zone of pristine graphene (dashed
black hexagon) is folded due to the Kekulé modulation. The Dirac points at
K, and K_ (red dots) are connected by the Kekulé wavevector G = K, —K_,
and folded onto the center (I') of the mini Brillouin zone (blue dot).

previous section, using the same lattice vectors and nearest-neighbor displacements 6 ,,.
In this setting, the bond modulation can be introduced as a bond-density wave that
periodically modulates the nearest-neighbor hopping amplitudes according to the ex-

pression:
t.,/t=1+2Re {Aei(PK++qK)'5n+iG'r_i2”(P+Q)/3} , (2.2.1)

where t,, denotes the hopping amplitude between a site at position r and its near-
est neighbor in the direction é,, and ¢ is the uniform hopping of pristine graphene. The
vector G = K, —K_ corresponds to the Kekulé wavevector, which couples the two inequiv-
alent valleys in momentum space. The complex amplitude A = 2"(P+a*m/3 A = encodes
the Kekulé modulation, where A, is the real-valued modulation strength and p,q € Z,,
m € Z. This parameter is often referred to as the Kekulé parameter and determines the
type and orientation of the modulation.
To classify the possible textures, it is convenient to introduce the index

vy=1+q—p mod 3, (2.2.2)

which distinguishes between the two main Kekulé patterns: Kek-Y (v = +1) and Kek-O
(v =0), as shown in Fig 2.5. Within this framework, the tight-binding Hamiltonian of
graphene with a Kekulé distortion takes the following real-space form:

H= —ZZB: 0@l bers +HeC,, (2.2.3)

r n=1

where af and b,,; are the creation and annihilation operators for electrons on sub-
lattices A and B, respectively. In the absence of any modulation, i.e., when t,, = t,
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this Hamiltonian reduces to the standard tight-binding model for pristine graphene, as
introduced in Eq. (2.1.6).

2.2.2 Transformation to momentum space

The Kek-O and Kek-Y superlattices share a hexagonal mini Brillouin zone, whose recip-
rocal lattice vectors are reduced by a factor of 1/+/3 and rotated by 30° for the original
Brillouin zone of pristine graphene [see Fig. 2.6 (c)]. Due to this superlattice periodicity,
the Dirac points K, of unmodulated graphene are folded onto the center of the mini Bril-
louin zone (T point) and coupled by the bond-density wave characterized by the Kekulé
wavevector G =K, —K_, as shown in Fig 2.6 (c).

We perform a Fourier transform of the tight-binding Hamiltonian. The momentum-
space Hamiltonian becomes:

H==> af(b,—al, Af (k+pK, +qK )b,
k

—a]  A*f(k—pK, —gK )b, +H.c., (2.2.4)

where f(k) = >, ™% is the structure factor corresponding to nearest-neighbor hop-
ping. The crystal momentum k still varies over the original Brillouin zone. To re-
strict the description to the reduced Brillouin zone of the superlattice, we introduce
a basis that includes the momenta k,k £ G. We define a six-component spinor ¥, =
(x> Q_g> Qs> Di> Prgo karG)T , and write the Hamiltonian in 6 x 6 matrix form as:

o 7 ”(k)) W, (2.2.5)

— .
=450 o

Here, the off-diagonal block (k) encodes the coupling between the A and B sublattices
at different momenta and is given by:

" fO Afv—b—l A*f—v—l
‘Fv = Ajfl—v Nf—l Afv > (226)
Afv.l A*f—v fl

where A = ¢/FP*DA is the complex Kekulé parameter, and the functions f,(k) are de-
fined as shifted structure factors f,(k) = f(k+ nG). The full derivation, including the
detailed basis transformation and intermediate steps, is provided in Appendix A.

2.2.3 Low energy Hamiltonian

An effective Hamiltonian for low energies can be obtained considering A, < 1 and
by noticing that the rows and columns of the matrix F associated with modes a,, and
by, lead to high energy bands, thus negligible in the low energy limit. Consequently,
in this limit the spectrum is primarily determined by four modes, denoted as u, =
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Figure 2.6: (a) Brillouin zone of pristine graphene in reciprocal space, shown
as a gray hexagon. The two inequivalent valleys are situated in the corners
of the hexagon. (b) Brillouin zone folding induced by the Kekulé modulation,
which brings the valleys onto the I' point of the mini Brillouin zone. (¢) En-
ergy dispersion relation of Kek-Y model, showing two concentric Dirac cones
with different Fermi velocities. (d) Energy dispersion relation of Kek-O model,
featuring a gapped Dirac spectrum.

(Ax_g> Qs> Dr—g> Pirg)- Projecting onto this subspace results in the reduction of the six-
band Hamiltonian to an effective four-band Hamiltonian

H:‘“ii(h‘;(()k) 0 )ue m=(47, Aff) (2.2.7)

We identify the K valley with +G and the K’ valley with —G. The k-dependence of f,
may be linearized near k = 0, leading to

fO(kXJ ky) = _Bt: f:l:l(kx: ky) = hVF(:Fkx + iky): (228)

where v = 3at/2Hh is the Fermi velocity. The corresponding 4-component Dirac equation

has the form .
\IIK/ _ ‘IJK/ _ VFp g AQV
ia)=e(w) w=(Ee) o) e29

with the spinors defined as:

Ty, = (_”[’B’K’), Wy (#’A’K). (2.2.10)
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Here, the Dirac operator p - o acts on the sublattice degrees of freedom, and o, is
the identity matrix. Additionally, we adopt the valley-isotropic representation for Dirac
spinors. The matrix Q, depends on the Kekulé texture and takes the form:

f* 0 ) { 3to,, vy=0
o=(3 5 ve(pe - poi)oe, [V =1 (22.11)

The low-energy band structure is obtained by solving the eigenvalue problem #H(k)¥ (k) =
e(k)¥(k). For the Kek-Y distortion (|v| = 1), the energy spectrum consists of two con-
centric Dirac cones with different Fermi velocities

83;,5(1() = nhvp(1+EAk, (2.2.12)

where n = * labels the conduction and valence bands, and & = =+ distinguishes the
internal and external Dirac cones. The corresponding eigenstates are:
nei®

P! (k)= gg, , (2.2.13)
L
where where k = k| and 0 = tan"!(k,/ k,). In contrast, for the Kek-O distortion (v =0),

the two Dirac cones are degenerate but an energy gap opens:

£2(k) = nv/(Avgk)? + (3A,1)? (2.2.14)
with eigenstates of the form:
nd°(k) —Avpke
1 1 | Avgke® 1 1 —£d°(k)
0 (k)= —=—— F 0 (k)= —=—— 2.2.15
W= e |0 ¥h0=mas| o [ @219
0 3A,t

where the normalization factor is defined as 2d°(k) = (k) — e°(k).

Thus, in the Kek-Y phase, the low-energy excitations consist of massless Dirac fermions
with two distinct Fermi velocities, while in the Kek-O phase, the spectrum features a
gapped massive Dirac spectrum [see Fig. 2.6 (c) and (d)]. Specifically, the two concen-
tric Dirac cones emerging in Kek-Y distorted graphene are characterized by different
velocities: the internal (fast) cone (F,) has a velocity vz(1 + A,), while the external
(slow) cone (S.) propagates with velocity v;(1 — A,). This splitting leads to rich low-
energy dynamics, which strongly contrast with the degenerate and gapped nature of the
Kek-O phase.

2.3  a-7; model

Beyond lattice distortions such as the Kekulé pattern, another exciting direction in the
study of two-dimensional materials involves systems hosting flat bands, which exhibit
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(a)

Figure 2.7: (a) Examples of flat-band lattices: the dice lattice, Lieb lattice,
Kagome lattice (shown in red as the line graph of the honeycomb lattice), and
Tasaki’s decorated square lattice. Adapted from [75]. (b) Schematic of the
a—T5 lattice. It consists of three inequivalent sites (A, B, and C), with A-B and
B-C hoppings weighted by C, and S, respectively.

highly nontrivial electronic and transport properties. These systems provide an ideal
platform to explore strongly correlated and topological phases of matter [36, 72-81]. In
particular, the discovery of correlated insulator states and signatures of unconventional
superconductivity in twisted bilayer graphene [73] has intensified the search for flat-
band systems near the Fermi level [82, 83].

Flat bands can emerge in tight-binding models due to destructive quantum interfer-
ence between different hopping paths. This mechanism naturally appears in line-graph
lattices such as kagome and pyrochlore [75, 84-86], as well as in certain bipartite lat-
tices including the Lieb and dice lattices [75, 87-89]. In these cases, specific sublattice
connectivity leads to the formation of compact localized states, resulting in an energy
band that is perfectly flat over the entire Brillouin zone.

A simple and pedagogical example of a flat-band system is the a-7; model [22, 90,
91], which interpolates between graphene and the dice lattice by tuning a single hop-
ping parameter. The model consists of a honeycomb lattice (rim atom) with an addi-
tional atom located at the center of each hexagon (a hub atom), connected only to one
sublattice. For a = 0, the model reduces to pristine graphene, whereas for a = 1, it
becomes the dice lattice, where the flat band coexists with a pair of Dirac cones. This
tunability makes the a-7; model an excellent platform for exploring the interplay be-
tween flat-band physics and Dirac-like dispersion.

2.3.1 Low energy Hamiltonian

The unit cell of the a-7; lattice contains three inequivalent sites: A, B, and C. The A and
B atoms form the conventional honeycomb lattice as in graphene, while the C atoms
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(located at the centers of the hexagons) are connected only to B sites. The lattice can be
viewed as three interpenetrating triangular Bravais sublattices, as shown in Fig. 2.7(b).
In this configuration, the A and C sites are commonly referred to as rim atoms, since
they occupy the outer vertices of each unit cell and are only connected to the central
site. The B atoms, in contrast, are known as hub atoms, as they lie at the center of each
hexagon and mediate the coupling between rim sites.

The tight-binding Hamiltonian can be expressed as:

3
H=—t> > [C.bla,;s +S.ble, 5] +He, (2.3.1)

r n=1

where C, = 1/¥/1+a? and S, = a/v1+ a2 weight the hopping amplitudes between
A-B and B-C sites, respectively. The dimensionless parameter 0 < a < 1 continuously
interpolates between graphene (a = 0) and the dice lattice (¢ = 1), ensuring normalized
total hopping amplitude. An alternative parametrization uses a phase angle ¢, with
a = tan ¢, which is convenient for Berry-phase considerations.
After performing a Fourier transform, as in previous sections, the Bloch Hamiltonian
takes the form:
0 C.f (k) 0
HEK)=|Cuf k) 0  Sfk |, (2.3.2)
0 S.f*(k) 0

where f (k) is the structure factor, defined as in the previous section. Close to the Dirac
points K., the structure factor can be expanded as:

fe(k) = hvp(Ek, — ik, ), (2.3.3)

where & = %1 is the valley index and v, is the Fermi velocity. This leads to the low-energy
Dirac Hamiltonian:
He(k) =hvek-S;, (2.3.4)

where S; = (¢S,,S,) are pseudo-spin-1 operators defined by:

0 ¢C O 0 —iC, O
S,=[¢. 0o S, |, s,=|ic, 0 —iS,]|. (2.3.5)
0S8, 0 0 iS, O

Solving the eigenvalue problem, we find the energy dispersion that contains three
bands:
&, (k) = nfivg|k|, (2.3.6)

where 7 is the index band, n = 1 for the conduction band, n = —1 for the valence band,
and n = 0 for the flat band. The eigenfunctions for each band are given by

1 £C e Y £C e 0
Ype(k)=— ] , Yo (k)= 0 , (2.3.7)
™ \/i gSaeige 0 _gSaeiEQ
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(b) e

Figure 2.8: (a) Schematic illustration of destructive quantum interference in
the dice (a-7;) lattice. Wavefunction amplitudes on the A and C sublattices are
configured such that their contributions to the central hub (B) site cancel ex-
actly, i.e., ¢ o< ¢+ = 0. This interference condition prevents occupation
of the B sites and results in the formation of localized eigenstates associated
with the flat band. (b) Energy dispersion of the a-7; model in momentum
space, showing the coexistence of Dirac cones and an exactly flat band at zero
energy.

with 6 = arctan(ky / kx).

Importantly, the model exhibits Dirac cones at the Fermi level, accompanied by an
exactly flat band at zero energy, as shown in Fig. 2.8 (b). This flat band originates from
destructive quantum interference between different hopping paths, stemming from the
topology and symmetry of the lattice [88].

To understand the microscopic origin of this interference, consider the dice lattice
(or a-7; model with a = 1), the flat band emerges due to interference between hopping
amplitudes from the peripheral A and C sublattices to the hub sites B [see Fig. 2.8 (a)].
In the eigenstates associated with the flat band, the wavefunction amplitudes on A and
C are arranged such that their contributions to the B sites cancel exactly. More precisely,
because each B site couples symmetrically to both A and C neighbors, the condition for
zero amplitude at the hub requires:

Yp <P+ =0. (2.3.8)

This cancellation condition prevents the particle from occupying or propagating through
the B sites, effectively localizing the eigenstates around them. The result is a macroscopi-
cally degenerate, non-dispersive band whose energy is independent of momentum—that
is, a flat band.

Since the kinetic energy is quenched in flat bands, electron—electron interactions
become dominant. As a result, flat-band systems are natural platforms for interaction-
driven phenomena such as flat-band ferromagnetism, Wigner crystallization [113], and
unconventional superconductivity [73]. This makes the a-7; model a paradigmatic set-
ting for exploring strongly correlated physics in two-dimensional systems.



Linear optical conductivity

3.1 Linear response theory

In order to understand the optical conductivity of materials, it is essential to first estab-
lish the theoretical foundation provided by linear response theory. This framework de-
scribes how a physical system initially in equilibrium responds to external perturbations,
such as electric or magnetic fields, within the regime where the response is proportional
to the perturbation.

Linear response theory is widely applicable, encompassing phenomena such as elec-
tric polarization P, magnetization M, and electric current J, each induced by their re-
spective external fields. These responses can be generally written as space- and time-
convolutions involving appropriate response functions:

P(r,t)= J dr/f dt’ y;;(r, v, t —tE;(r', t') (3.1.1)
M;(r, t) = f dr’f dt’ xi’y(r, r,t—t)H;(¥,t") (3.1.2)
Ji(r,t)= f dr’f dt’ o;(r, v, t —tE;(r', t") (3.1.3)

Here, y;; is the electric susceptibility tensor, y l’;” is the magnetic susceptibility tensor, and
o; is the optical conductivity tensor. The integrals over r’ extend over the volume of the
system, reflecting the non-local nature of the response in both space and time. This
non-locality implies that a perturbation at point r' and time t’ can affect the system’s
response at another point r and a later time t > t’. Importantly, no response occurs
before the perturbation is applied, which is a manifestation of causality. As such, the
response functions are said to be retarded.

19
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When the equations above are transformed into the frequency and momentum do-
main, the space-time convolutions reduce to simple products:

P(q, w) :Xij(qx (U)Ej(CL w) (3.1.4)
M;(q, w) = x{1(q, w)H,(q, ) (3.1.5)
Ji(q,w) = Uij(q; w)Ej(qJ w) (3.1.6)

This frequency-domain formulation reveals fundamental analytic properties of the re-
sponse functions. One such consequence is encoded in the Kramers—Kronig relations,
which connect the real and imaginary parts of a causal response function via a Hilbert
transform. These relations ensure that any physically meaningful response function
must satisfy causality, meaning that the system cannot respond before the perturbation
is applied.

3.1.1 Kubo formalism

In quantum mechanics, linear response theory allows the calculation of changes in ob-
servable physical quantities in terms of equilibrium correlations, thereby establishing a
connection between the microscopic properties of the system and its macroscopic re-
sponse. When an equilibrium quantum system is perturbed, its response manifests as
a modification of its energy levels and associated physical properties. This behavior is
characterized through the response function, which relates the external perturbation
to the system’s response. Assuming the perturbation is weak, the response is propor-
tional to the perturbation, which simplifies the analysis and allows one to derive explicit
relations between the system observables and the parameters of the perturbation [114].

Let us consider a quantum system initially in thermal equilibrium at temperature T,
described by a time-independent Hamiltonian H,,, with eigenvalues {E, } and eigenstates
{|n)}. The system is described by the thermal density matrix:

1 —Ho/kgT 1 —E,/kgT
= e Ho/ks —_Ee n/%82 | n) (n|, 3.1.7
Po 7 7, In) (n| ( )

n

where Z, =) e Fn/ksT is the partition function and k; is the Boltzmann constant. The
equilibrium expectation value of an observable A is then given by:

1 _
(A) = Trp,A= Z—Ze Ea/ksT (n| Aln). (3.1.8)

0 n

At time t = t,, the system is perturbed by a time-dependent term V(t), so that the
full Hamiltonian becomes:

H(t)=Hy,+ V(t)o(t —t,), (3.1.9)

where ©(t —t,) is the Heaviside step function, acting as a switch to activate the pertur-
bation at t = t,.
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The goal is to compute the expectation value of the observable A at a time t > t,
taking into account the system’s time evolution due to external perturbation. In the
interaction picture, the states evolve as:

|A(t)) = et/ |n(t)), (3.1.10)
where |n(t)) satisfies the time-dependent Schrédinger equation:
.. 0
lﬁahl(t)) =H(t)|n(t)). (3.1.11)
In the interaction representation, the dynamics is governed by the perturbation V(t):
%, .
iha [A(t)) =V (t)|a(t)), (3.1.12)
where V(t) = et/ (t)e Hot/M js the perturbation in the interaction picture. Similarly,
the evolution of the system can be described using the time-evolution operator as |A(t)) =

U(t)|n), which, under the assumption of weak perturbations, can be approximated to
first order as:

. t
O()~1— %f U(t"dt'. (3.1.13)
to
Thus, the time evolution of the expectation value (A(t)) for t > t, is:
1 A A, A
(A()) = A Zn:e—En/kBT (n| UT(OA)T(t) |n). (3.1.14)

Keeping only terms up to first order in V(t), we obtain:

i

(nlT(OADT (1) In) ~ (nl A() n) — P J (nl[A(0), V(t)]In) dt’, (3.1.15)

where A(t) = efot/mA(t)e Mot/ is the observable in the interaction picture. Therefore,
Eqg. (3.1.14) becomes:

(Am) = (A(D),— ;—T J (LA, V(e]), dt’, (3.1.16)

where (-), denotes the expectation value with respect to the equilibrium Hamiltonian
H,.

As described above is the Kubo formalism [115], which establishes a fundamental
connection between the system’s response and its equilibrium correlations. The Kubo
formula [Eq. (3.1.16)] shows that the response of an observable A to an external pertur-
bation V(t) is governed by the temporal correlations of the system in equilibrium. These
correlations describe how internal fluctuations propagate and couple to the external per-
turbation, providing a detailed description of the system’s dynamical properties.
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Excitation 0 meV 1 meV 10 meV 0.1eV 1eV
\
\

-

w Frequency

-
!

Figure 3.1: Schematic representation of the optical excitation process in a
two-dimensional material. An incident electromagnetic wave of frequency w
interacts with the sample, inducing an optical current J(«w) associated with
electronic transitions of energy ficw. This current re-emits radiation with mod-
ified amplitude and phase, giving rise to the reflected signal that encodes the
material’s optical response. Below, the electromagnetic spectrum is shown
with the corresponding frequency and energy ranges.

3.2 Response function of optical conductivity

In general, two-dimensional (2D) materials exhibit strong light-matter interaction [116],
which can be characterized by their optical conductivity (see Fig 3.1). Optical conduc-
tivity characterizes the response of a system of charged particles to an external electro-
magnetic wave oscillating at a finite frequency. Experimentally, several techniques have
been employed to probe this quantity, including infrared (IR) spectroscopy [11, 12,
117], scattering-type scanning near-field optical microscopy (s-SNOM) [118], electron
energy-loss spectroscopy (EELS) [119], and more recent developments such as four-
dimensional scanning transmission electron microscopy (4D-STEM) spectroscopy [120]
and near-field scanning techniques [121].

On the theoretical approach, linear response theory provides a robust framework
to compute the optical conductivity. In the following, we present the derivation of the
corresponding response function using the Kubo formalism.

We consider a homogeneous electron system subjected to a plane electromagnetic
wave described by a magnetic vector potential and an electric field:

A(r, t) = Aye'@r=t), E(r,t) = E @m0, (3.2.1)
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respectively, where w is the frequency and q is the wavevector of the incoming radiation,
with |A,| and |E,| denoting the amplitudes of the vector potential and electric field,
respectively. In linear response theory, the external electromagnetic wave induces an
electric current in the system proportional to the applied field:

(i) = > oy(w)E(w), (3.2.2)

j={x,y}

where o;(w) is the optical conductivity tensor, which characterizes the current response
along the ¢; direction to an electric field along é;. Here, i and j denote Cartesian coordi-
nates. The operator J/(w) represents the quantum current density, and its expectation
value (Jf(w)) is the quantity measured in experiments [122]. The Hamiltonian for a
non-relativistic charged particle in the presence of an electromagnetic field is given by:

H(t) = % Ip—eA(r, )%, (3.2.3)

where p = —ihV is the momentum operator, m is the particle mass, and e its electric
charge. Neglecting second-order terms in the vector potential (justified in the weak field
regime), the Hamiltonian can be separated into the unperturbed (equilibrium) part and
the external perturbation:

Ho=2P _ 5. A 0), (3.2.4)
2m m
where the perturbation is defined as:
V(t)=—Sp-Alr, t). (3.2.5)
m

The total current density operator derived from this Hamiltonian consists of two contri-
butions:
J(r, t) = I (r, t) + J°(r, t), (3.2.6)

where J? is the paramagnetic current and J? is the diamagnetic current:

Paramagnetic: JP(r, t) = %Hm{w*(r, )V (r, t)}, 3.2.7)

2
Diamagnetic: JP(r,t) = —e—A(r, t)p. (3.2.8)
m

Here, v))(r, t) is the particle’s wavefunction and p = |1 (r, t)|? is the probability density.
The paramagnetic current corresponds to the conventional quantum mechanical proba-
bility current, while the diamagnetic part arises due to the interaction with the external
field.

Taking expectation values, the total electric current becomes:

(J(0)) = (37(0)) + (J°(2)). (3.2.9)
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To study the time evolution of this quantity and derive an expression for the optical
conductivity, we employ the Kubo formula [Eq. (3.1.16)]. Within linear response theory,
the diamagnetic term is already first-order in the perturbation, so its expectation value
can be evaluated in equilibrium:

2

UP@) ==—Ax (P (3.2.10)

On the other hand, the paramagnetic contribution is evaluated using the Kubo formula:
. t

THG) :—%f dt’ ([JP(6), V(t)]),, (3.2.11)
to

where we have assumed that the equilibrium current vanishes, i.e., (J/(t)), = 0. The
perturbation V(t) can be expressed in terms of the current operator by noting that:

0H

P =el0 =2 (3.2.12)

ap m
In the long-wavelength limit (q — 0), the electromagnetic fields become time-dependent
only: A(t) = Aje 't and E(t) = Eye~*“*. From Maxwell’s equations, we have the relation
E(t) = —0,A(t) = iwA(t), so the perturbation becomes:

V(t)= iJP -E(t). (3.2.13)

Substituting this expression into the Kubo formula and taking t, — —oo, neglecting
transient effects, we obtain:

(JP(0) = ZJ dt’ [Jp(t)JP(t)]> E(t). (3.2.14)

To obtain an expression for the optical conductivity in the frequency domain, we take
the Fourier transform of the current expectation value:

(Ji(w)) = f dt e (JF (1)) +J dt e (JP(1)). (3.2.15)

—0Q oo

The first integral corresponds to the Fourier transform of the paramagnetic contribution:
(P (w)) = Z f dr e ([J,(7),J7(0)]) E;(w), (3.2.16)

where we changed variables to T =t —t.
The second integral corresponds to the Fourier transform of the diamagnetic contri-

bution. Using the relation E(t) = iwA(t), the diamagnetic term in the frequency domain

becomes:

ne? E;(w)

—. (3.2.17)
m iw

(IP(@) =
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where n = (p), is the density of particles. Thus, the total current becomes:

e _ 1 ~ iwT 7P 7P iezn

(Je(w)) = Z [%L dt e <[Jl. (0),J! (0)]>0 + E5l~j]Ej(w). (3.2.18)
J

From this expression, we identify the optical conductivity as a function of the frequency

of the external electric field:

2

o) = i [nij(w)+ %51,.], (3.2.19)

where the current—current correlation function is defined as

1 (% s )
M (w) = _—J dt elwf<[JP(T),J?’(0)]> , (3.2.20)
i J, ! J 0

Here, we have introduced an artificial relaxation mechanism by replacing w — & =
w + in, where 1 > 0 accounts for dissipation effects [123]. This parameter ensures
convergence of the integral and should be taken to zero at the end of the calculation,
n— 0",

For Dirac systems, it is possible to define an appropriate diamagnetic contribution
such that the Kubo formula for the conductivity takes a simplified form [124]:

7, (@) = [11,(@) ~1,(0)) (3.2.21)

where I1;;(0) = lim;_,, IT;;(w). This expression is particularly convenient for evaluating
the optical response of Dirac systems to external electromagnetic fields.

3.2.1 Spectral form of the optical conductivity tensor

The Kubo formula for the optical conductivity can be rewritten in its spectral repre-
sentation by explicitly expanding the current-current correlation function. For a two-
dimensional system in equilibrium, the retarded correlation function takes the form

* . d?k . .
Hij(w)=%fo dt e’ (271)2;f(ez)(wx(k)l[Jf(’r),Jf(O)]IW(k)), (3.2.22)

where f(g,) = {exp[(e;, —ep)/kzT]+ 1}! is the Fermi-Dirac distribution function for
fermions, and ¢,(k), |y ,(k)) are the eigenvalues and eigenstates of the equilibrium
Hamiltonian.

After performing the time integral, the correlation function takes the spectral form:

(v, [, (K)) (K] v; [ ,(K))

€, — €&y +HOD

d2k
(2m)?

() = e D Lf () — f ()] , (3.2.23)

AA
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where the velocity operator is defined as v, = (1/e)J iP . Hence, using Eq. (3.2.21), we
recover the following expression for the optical conductivity:

d?k Z (f(sa) —f(eg)) (Y, 1) v; [y 2, (K)) (o ()| v; |45, (K))
CrF & |

2
oij(w)=—ich €)— Ex €,— €&y +ho

(3.2.24)

To better visualize the different contributions to the optical conductivity, it is conve-

nient to split the summation over A, A’ into two parts: intraband (A = 1) and interband

(A # A) contributions:

B . fle)—f(ey) (Y] v; Y0 (K)) (3 (K)] Vj [, (K))
(@)= —1e2ﬁf (2n)? & xlfl—m( £, — €y )
. d?k (&) —f(e;)\ (W] v; [ (k) (Y (K)]v; |¢a(k))
—1e2ﬁf (2m)2 AZA: ( ) €,— €&y +HO
VA
= Gg,‘tra(co) + og.“er(a)), (3.2.25)

Ey — Ey +ﬁ6(3

Ey —Ey

where ag.ma(w) denotes the intraband contribution, which can be written as

mtra af(g )
(w)—l—Z f o (522 ) 001w 00 (4,00, 1) (3226

Using the Kramers-Kroning relations, we obtain that:

) 1
lim -
nt—0x £int

:p(%) T in8(x), (3.2.27)

the intraband conductivity can be decomposed into a delta peak at zero frequency and
a purely imaginary dispersive part:

01"(w) = D;;8(w) + ilm{o ™ (w)}, (3.2.28)

where D;; = mlim,,_,o[w ]Im{og.“ra}] is the Drude weight. This quantity characterizes the
charge stiffness, i.e., the ability of the system to carry a persistent current. Importantly,
D;; is finite in metals but vanishes in insulators. It remains well-defined even in the
presence of disorder or interactions [125].

On the other hand, the interband contribution to the conductivity reads:

inter 2 d’k f(e2)— F () (Wa) vy [, (K)) (. (K] v wa(k))
o (w)=—ie*h | —= Z
Y (2m)? ey —Ex £, — €&y +A®D
VA
(3.2.29)
This term describes vertical transitions between occupied and unoccupied states across

different bands and is responsible for photon absorption at finite frequencies.
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Finally, we note that the optical conductivity is, in general, a complex tensor quantity
with both real and imaginary parts, expressed as

0i(@) = Re{oy;(w)} + ilm{o ()} (3.2.30)

These components are not independent; they are fundamentally connected through the
Kramers—Kronig relations, which ensure causality in the system’s response [126—128]:

« Hm{gij(w/)}d

Re{o;;(w)} = %Pf P o, (3.2.31)
oo R . /
Im{o;;(w)} = —%PJ %dw’. (3.2.32)

Physically, the real part of the optical conductivity, Re{c;;(w)}, quantifies the dissipa-
tive response of the material — that is, the net absorption of energy from the incident
electromagnetic field due to processes such as interband or intraband transitions [129].
In contrast, the imaginary part, Im{c;;(w)}, characterizes the non-dissipative (reactive)
response, associated with energy temporarily stored in the material’s polarization or
current oscillations. This component contributes to the phase shift between the applied
field and the induced current but does not correspond to net energy loss [129, 130].

3.3 Optical conductivity of graphene

To illustrate the concepts discussed throughout this chapter, we now present a detailed
calculation of the optical conductivity of pristine graphene. Starting from its low-energy
Hamiltonian and eigenstates near the Dirac points, one finds that the conductivity tensor
reduces to a scalar form due to isotropy. The components take the following expressions:

Re{c®(w)} = D&(w) + Re{c> ™ (w)} (3.3.1)
Im{c®(w)} = Im{c®™3(w)} + Im{c>™ (w)} (3.3.2)
oiy(w) = —ajy(w) =0 (3.3.3)

where the subscripts intra and inter label the intraband and interband contributions, re-
spectively. The term D = rlim,,_,o[wIm{c®(w)}] = mlim,_ [ wIm{c*""3(w)}]is known
as the Drude weight, which characterizes the strength of the intraband (free-carrier) re-
sponse.

It is important to note that the full optical conductivity tensor o,;(w) is obtained by
summing over contributions from both valleys, i.e., 0;;(w) = ZE= N ij(w). In general,
for an isotropic system, the structure of the conductivity remains the same as in the
expressions above, except for the absence of the valley index.
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3.3.1 Interband contribution

Graphene is a two-band system consisting of a conduction and a valence band. We
denote the band indices by A, = +, where +(—) refers to the conduction (valence)
band. We define the following matrix elements:

V(0 = (Y500 v, [ MY (20| v, |95 0), (33.4)
such that the interband optical conductivity in Eq. (3.2.29), can be written as
3 3
fimery y_ 1€’ 2 (f(€+)_f(€—)) v; (k) _ v;i(Kk)
OI= "y J T\ 2w 2400 +76  2d00—ha || O

where we have defined 2d (k) = ¢, (k) —e_(k). At zero temperature, the Fermi-Dirac dis-
tribution reduces to a Heaviside step function, and the interband conductivity becomes

/ é g
Cinter,, o 1€°T . 1 V() - v (k)

where the prime on the integral denotes the region in k-space for which e_(k) < &; <
. (k). Now, we write the matrix elements as vfj(k) = Re{vfj(k)} +1i ]Im{vfj(k)} and use
the Kramers—Kronig relations [Eq. (3.2.27)] to express the conductivity as

&,inter _ e’h 1 3 —4d(k) 3 _
o (w)= 2y f d*k —2d(k) {]Irn{vl.j}P([zd(k)]2 — (ﬁco)z) + Re{vij}rc5(2d(k) Aw) +

. £ —2hw
l [Re{”ﬁ”’ ( 24007 — (i)
= Re{ag’mter(w)} +1 ]Im{ag’imer(a))}.

) +Im{v;}5(2d (k) _ﬁ“’)]}

(3.3.7)
We have neglected terms proportional to 6(2d(k) + hiw), as they describe emission pro-
cesses. Since we assume the system is initially in its ground state, only absorption pro-
cesses—described by 6(2d(k) — ficw)—are considered.
Finally, we obtain the real and imaginary parts of the interband conductivity:

2
Re{0"(0)} = —g,0 1 f dzk#[ﬂm{vé(k)w( o )

4r 2d(k) [2d(K)]2— [fiw]2
—nRe{vé(k)}6(2d(k)—ﬁw)], (3.3.8)

,inter — ﬁ_z 2 L g 2Meo
Im{o*"(w)} = gsao%Jd ka0 [Re{vii(k)}P([Zd(k)]z—[ﬁw]z)

+nnm{v5(k)}5(2d(k)—ﬁw)] (3.3.9)

where o, = 2¢%/h is the universal conductivity quantum and g, = 2 accounts for spin
degeneracy.
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Real part of interband conductivity

Considering the real part of the interband contribution, we have:

Re{o S ner = i /dzk Re{vff}(k)5 2d(k)—# (3.3.10)
e{o}; (w)}—gsaoz oAl (2d(k) —fiw), 3.

where we have taken ]Im{vfj} = 0 since vfj is Hermitian and given by

2

vE = %{5{[1 + (57— 5%)cos(20)] — E[1— 5/1sin(26)}. (3.3.11)

Note that ij does not depend on the band, and is valid for interband and intraband
transitions. Due to the azimuthal symmetry of the graphene dispersion relation, ¢, =
nhvyk with n = + the band index, we can switch to polar coordinates. The delta function

then becomes
6(k—k,)

|0c[2d (k)11
where k, is the solution of 2d(k) = fiw, and defines the radii of the resonance curves. The
step function arises from the Pauli blocking condition k > kj, where k; is the radii of the

Fermi contour, ¢,(k) = &, and thus fiw > 2d(ky) = ficw, defines the critical frequency.
Therefore, the conductivity becomes

o(2d(k)—hw) =0O(hw —hwg) (3.3.12)

Re{v;} 5(k—k,)

3.3.13
2hvgk  2hvg ( )

. 2 21 [e%e)
Re{afjﬁmter(w)} = gsaoﬁZ J do f kdk ©(fw —twy)
0 ke

Only the components ]Re{vfj} depend on the angular variable. After solving the angular
part, we note that the conductivity tensor reduces to a scalar. Therefore, the real part of
the interband conductivity is given by

Re{o&ner ()} = g5001—ﬂ6®(ﬁa)—2|8F|), (3.3.14)

which shows that it depends only on the Fermi energy.

Imaginary part of interband conductivity

On the other hand, the imaginary part of the interband contribution is given by

. 72 Re{v:(k)} 2hw
&, inter _ n 2 ij
Im{o (w)} = g5004rc f d<k 2d(1) P([Zd(k)]z — [ﬁw]z)' (3.3.15)

Following a similar procedure to the real part, we change to polar coordinates and per-
form the angular integration:

. v.H * 2hw
I & inter — i dk. 3.3.16
mig= T @)} = =800 P Jk [2d(K)]2 — [he ]2 o0
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Figure 3.2: Real and imaginary parts of the optical conductivity of graphene
as a function of photon energy fiw, at zero temperature and finite Fermi level.
On the side, we include a schematic diagram illustrating the possible optical
transitions: intraband (within the same band), interband (across bands), and
the forbidden transitions due to Pauli blocking. We consider ¢; = 0.2 eV.

Thus, the imaginary part of the interband conductivity becomes

: 1 hw —2|eg|
Im{o e = — In|——E|. 3.3.17
Finally, the total interband conductivity for graphene is given by
inter T t fiw — 2|8F|
= — | O(hw—2 +—In|——| |, 3.3.18
o™ (w) gsgvﬁom[ (e —2lep]) + — n'ﬁw+2lepl ( )

where we have included g, = 2 as the valley degeneracy [131]

3.3.2 Intraband contribution

To obtain the intraband contribution to the optical conductivity, it is sufficient to compute
its imaginary part, from which the full expression can be reconstructed. The imaginary
part of the intraband conductivity is given by

E,intray __ ez_ﬁ d*k _af(&‘n)) £
Im{oy) = fw | (2m)2 Zn:( de, <¢"(k)

YEK)),
(3.3.19)

v [WER)) ()| v,

where f(¢) is the Fermi-Dirac distribution. The matrix elements can be expressed in
terms of vfj asin Eq. (3.3.11). At zero temperature, the Fermi-Dirac distribution becomes
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a step function, and its derivative turns into a Dirac delta function (—8 f(e,)/ 3sn) =
6(e, —&r). Thus, the expression simplifies to

. H>
Eintray __ 2 I3
]Im{aij }= gsﬁom En f d°k Vij5(8n —€g). (3.3.20)
Switching to polar coordinates, we can write
: hv
Im{c®""} = g .0y —— dk k&(k —k 3.3.21
m(o™ = .00 f (k—kp), (3.3.21)

Depending on the sign of the Fermi level, only one of the bands contributes, so the sum
over 1) effectively gives a single contribution. This leads to the result

: 1
Im{o®nTa} = gsgvooém—wlsFl. (3.3.22)

Therefore, the full intraband conductivity becomes

O_intra(w) — gso.og |:5(ﬁw) +1 :| lex| (3.3.23)

mnw

where we have used the Kramers-Kronig relation to include the real part [Eq. (3.3.1)].

Figure 3.2 shows the full optical conductivity. The intraband contribution domi-
nates at low frequencies, exhibiting a Drude-like peak centered at w = 0. At higher
frequencies, the interband transitions become active once the photon energy exceeds
hwyp = 2|eg|, resulting in a step-like increase in the real part. The imaginary part shows
a dispersive behavior, with a sign change near the onset of interband transitions.

We notice, the optical conductivity of graphene presents a unique behavior due to its
gapless, linear dispersion relation. At zero frequency, the interband contribution leads
to a universal value for the real part of the conductivity, given by o™ = j—;, indepen-
dent of material parameters or doping. This quantized response is a direct consequence
of the relativistic-like nature of Dirac electrons in graphene and has been confirmed
experimentally through optical absorption measurements [11, 12, 117].

Moreover, the inclusion of a finite Fermi level introduces a frequency window where
interband transitions are Pauli-blocked, and the optical response is purely intraband.
This results in a prominent Drude peak in the imaginary part of the conductivity, which
diverges as 1/w when w — 0. Such behavior is a hallmark of metallic conduction and
can be tuned via doping, making graphene a versatile platform for terahertz and infrared
optoelectronics [132, 133].



Kekulé-modulated a-7; model

In this chapter, we introduce a hybrid model, a a-7; model featuring a v/3 x /3 Kekulé
pattern modulation [101]. Such a hybrid system may result from the depositing of
adatoms in a hexagonal lattice, where the two sublattices are displaced in the perpen-
dicular direction, like in germanene and silicene. We derive analytical expressions for
the energy dispersion and the eigenfunctions using a tight-binding approximation of
nearest-neighbor hopping electrons. Finally, we include the effects of the perpendicular
electric field on the band structure.

4.1 Overview

The model we propose is a hybrid system based on a honeycomb lattice (like silicene,
germanene, or stanene) with an atom located at the center of each hexagon, appearing
with Kekulé periodicity and a hybridizing with only one of the sublattices, as shown
in Fig. 4.1 (a). This model is conceptually related to the proposal realizations of the
Kek-O model [24, 112], with the key difference that we assume hybridization occurs
in our system. We name this system as “Kekulé-modulated a-7; model" (Kek-a), which
provides a robust platform for studying valley and flat-band physics.

Experimental realizations of Kekulé-modulated systems have been reported, such as
graphene on a SiC substrate intercalated with Li atoms [see Fig. 4.1 (b)], which in-
duces Kekulé-O phase distortions [24, 54]. Importantly, the intercalation of Cs atoms in
graphene layers has been experimentally achieved and shown to induce hybridization
between the Cs and carbon atoms [see Fig. 4.1 (c)], leading to Brillouin zone folding
and origin a flat band [74]. Moreover, theoretical proposals, such as Snl layers with Ag
adatoms, achieve geometries closely resembling our proposed model [134], as shown in
Fig. 4.1 (d). Building upon these developments, we envision that silicene or germanene
with sublattices displaced along the z-plane [135], combined with Kekulé-patterned de-
position of adatoms capable of selectively hybridizing with one sublattice, could realize

32
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Figure 4.1: (a) Lattice structure of the proposed model. The system consists of
a buckled honeycomb lattice with adatoms deposited in a +/3 x +/3 pattern. (b)
Schematic experimental setup illustrating the realization of the Kek-O model.
Adapted from [24, 54]. (c¢) Low-Energy Electron Diffraction (LEED) pattern
for a Cs(2x 2)/graphene/Cs(+/3 x +/3)/1r(111) heterostructure, along with the
atomic geometry of the Cs/graphene unit cell. Adapted from [74]. (d) Crystal
structure of a Snl monolayer with Ag adatoms, shown from the side (top) and
top (bottom) views. Adapted from [134].

the Kek-a model experimentally. Evidence of adatom in silicene and germanene further
supports the feasibility of this approach [136-139].

Given the increasing interest in space-modulated and flat-band materials, we aim to
anticipate potential future developments in these systems.

4.2 Tight-binding model

We consider a honeycomb lattice with adatoms on its surface disposed with a v3 x v/3
Kekulé periodicity. We call this superlattice with seven atoms per unit cell, Kekulé-
modulated a-7; model. The adatoms are located on top of the center of the hexagon
(central atoms), forming a third triangular sublattice C with a larger lattice parameter
that only couples with sublattice B, as shown in Fig. 4.2 (a).

The corresponding tight-binding Hamiltonian is:

H=—t ZZBI bla, 5 — ZZBI t'cib._s +He, (4.2.1)

roj=1 v j=1

where the first term describes the honeycomb lattice, with ¢ the hopping energy be-
tween nearest neighbor sites belonging to sublattices A and B, connected by the vec-
tors 6; = 2(v3,-1), 6, = —%(¥3,1), §; = a(0,1). Here a is the atomic distance.
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Figure 4.2: (a) Lattice structure of Kekulé-modulated a-7; model. Atoms on
sublattices A and B are depicted as gray and blue circles, respectively. The cen-
tral atoms in red appear with Kekulé periodicity and only connect with the B
sublattice. (b) The basis vectors of the honeycomb lattice are a, and a,. The
vectors 0,, 0,, and 0, connect each A or B atom to its nearest neighbors. The
gray parallelogram represents the unit cell of the superlattice. (¢) Reciprocal
space with vectors K,. The original (honeycomb lattice) Brillouin zone is rep-
resented as a black dashed hexagon. The K valleys (at the red Dirac points)
are coupled by the wave vector G = K, —K_ and folded onto the center of the
superlattice Brillouin zone (blue point).

Thus, the honeycomb lattice vectors are a, = 6, — 6, and a, = 6, — 6,, such that the
atoms have positions r = na, + ma, (n,m € Z) in sublattice B and r + 64 in sublattice
A (see Fig. 1(b)). The second term describes the coupling between central atoms at
r' = n(2a, —a,) + m(2a, —a;) and nearest neighbor atoms in sublattice B, with t’ = at
the corresponding hopping energy. The parameter a varies continuously between 0 and
1, interpolating between the honeycomb (a = 0) and a dice lattice with Kekulé period-
icity (a =1).

In order to describe the superlattice (Kek-a) with the hexagonal Brillouin zone, we
consider additional sites added in sublattice C but with zero amplitude hoppings, in such
a way that we can sum over all the cells r' =r + 65 replacing t’ — ¢, ;, with

te; =at{l+ 2Re[eiC01)7}, (4.2.2)

where the Kekulé wave vector is the “distance” between valleys, defined as G = K, —K_
(see Fig. 4.2 (b)). A detailed derivation of the hopping amplitudes is provided in Ap-
pendix B.1.

The corresponding Hamiltonian in momentum space is given by

H==>alf(b—a > [bif K+ b, of (k+G)e+bl_f (k—G)g]+H.e.,
k k
(4.2.3)
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Figure 4.3: (a) Energy band structure of the Kek-a model obtained by a direct
diagonalization of the tight-binding Hamiltonian defined by the lattice shown
in Fig. 4.2 (b). (b) Dispersion relation near the center of the superlattice
Brillouin zone. The spectrum displays dispersive bands plus a flat band at zero
energy originating from the bonded central atoms. We consider t = 2.7 eV and
a=1.

where we have defined,

3
GBS (4.2.4)
j=1
with the momentum k varying in the original (honeycomb lattice) Brillouin zone. In
order to restrict k to the superlattice Brillouin zone, we group the annihilation operators
at k and k+ G in the column vector ¥, = (ay, @y_g, Q16> P> Pr_gs Prvc» Cio Ckgs Crsg) > and
write the Hamiltonian in a 9 x 9 matrix form:

H = -4 HIK)F, (4.2.5)
where
0 F(k) 0
HEK) = | F'(k) 0 al(k) |, (4.2.6)
0 a&'(k) 0
and
fo 0 O fo fo Jo
FK)=(0 f,; 0], EW=|f1 faa fal, (4.2.7)
0 0 f; i h h

with f, = f(k+ nG), and we have used the relation f(k £ 2G) = f(k ¥ G) [25]. The
full derivation, including the detailed basis transformation and intermediate steps, is
provided in Appendix B.2.
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(a) (b) (c)

Energy

Figure 4.4: (a) Brillouin zone of the a—7; model in reciprocal space is shown
as a gray hexagon. The two inequivalent valleys are situated in the corners
of the hexagon. (b) Brillouin zone folding due to the Kekulé periodicity. (c)
Energy dispersion relation of Kek-a around the I in the folded Brillouin zone.
The label Z designates the flat band with “zero” velocity, S denotes the “slow”
cone with velocity v;, and F signifies the “fast” cone with velocity A, v;.

In Fig. 4.3, we show the energy dispersion of Kek-a superlattice. The Kekulé period-
icity brings the valleys into the T point, as observed in Kekulé-distorted graphene [25],
with the addition of a flat band due to the presence of central sites. Here, we assume
that the coupling occurs only with one sublattice, while other possible couplings are ne-
glected due to their significantly weaker magnitude, as a consequence of the sublattice
displacement along the z-axis.

4.3 Low energy Hamiltonian

An effective Hamiltonian for low energies can be obtained considering a < 1 and by
noticing that the rows and columns of the matrices and associated with modes a, by,
and ¢, (illustrated in blue and gray in Fig. 4.3) lead to high energy bands, thus negligible
in the low energy limit. Consequently, in this limit the spectrum is primarily determined
by six modes, denoted as u, = (ay_g> Axsc> Dx—g> Drrg> Ckeg> Ckrg)- Projecting onto this
subspace results in the reduction of the nine-band Hamiltonian to an effective six-band
Hamiltonian
0 gk O
Hg=u | ') 0  ahk) |u, (4.3.1)
0 ahi(k) O

where

g(k)=(f61 191) h(k)=(]}‘11 j;;;) (4.3.2)

We identify the K valley with +G and the K’ valley with —G. The k-dependence of f.,
may be linearized near k = 0, leading to f.,(k,, k,) = fivg(¥k, +ik,), where v; = 3at/2h
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is the Fermi velocity. Finally, we can write a Dirac-like equation for the Kek-a model as

M (\IJK) —¢ (WK) H= ( o hvk-s) (4.3.3)
U)A,K ‘/)A,Kf
Wy = _1/)B,K 5 Wy = qLpB,K' 5 4.3.4)
¢C,K ¢C,K’
0 0 0
Q=ahv;| 0 0 ke |, (4.3.5)
0 ke®« 0

where k = [k|, 6, = tan"'(k,/k,), $ = (S,,S,). The pseudospin operators S, and S, are
defined as

010 0O —i O
S;=(1 0 al, S, = i 0 —ail. (4.3.6)
0O a O O ai O

To determine the energy spectrum of the Kek-a model, we start from the Bloch
Hamiltonian in Eq. (B.2.9). The energy eigenvalues are obtained by solving the charac-
teristic equation det[ (k) — €, ] = 0, where I, ¢ is the identity matrix. By computing
the determinant blockwise, the problem simplifies to evaluating:

det[H(k) — elgue] = det[—e(e’Ly., — a*h(K)R'(K)) + eg(K)g (K],
= det[¢el,,,] - det[a’h(k)h'(k) + g(k)g" (k) — &%L,,,]. 4.3.7)

This reveals a doubly degenerate flat band at ¢ = 0. For the remaining four bands, we
focus on the second determinant, which reduces to

2 22 %
detlah(I0 (19 + g(R)g () =71y ] = dee | (2T 0= L B, L],

=g*—26%(2a* + 1)|f,|* + (4a* + 1)|f,|*, (4.3.8)

assuming |f_,|?> = |f,|*. Solving this quartic equation yields:

2=[@e2+ 1)+ v/@a2 + 12— (42 + D] A,

(4.3.9)
=[22*(1 £ 1)+ 1]IfiP%,

which corresponds to two pairs of particle-hole symmetric bands. Expressing |f;]? in
terms of the Dirac momentum, |f;|*> = A*v2k?, we find the dispersion relation:

85)(1() = nhvp(A,)*k (4.3.10)

where A, = v4a2+ 1, n is the index band, n = 1 for the conduction band, n = —1 for
the valence band, and n = 0 for the flat band, and & = {0, 1} distinguishes between the
two propagation velocities.
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This result reveals the low-energy band structure of the Kek-a model: a distinctive
double cone structure, referred to as “fast” (F,) and “slow” (S,) cones, along with a
doubly-degenerate flat band denoted as “zero” (Z). The index & = {0, 1} labels the two
degenerate flat bands (Z*) and the two cones, defining two velocities: the ‘fast velocity’
vpA, (£ =1) and the ‘slow velocity’ vy (§ = 0), associated to the fast cones F, and slow
cones S,, respectively.

In the a-7; model, rescaling the energy renders the spectrum independent of a [22,
96]. However, in our case, such rescaling is not possible, and the spectrum remains
a-dependent because the Kekulé term couples with one sublattice only. Thus, when
the two valleys fold onto the I' point (see Fig. 4.4 (b)) one of the cones show a strong
dependence on a and the other remains independent.

The eigenfunctions mpf) are given by

0 2ae 2%
0 0
1 ]1-1 1 —1
0 _ 1 ___+ )
1/)0(1() - 1/5 0 ’ wo(k) ‘/m 2a6129k P
0 0
1 —1
for the flat bands, and
:l:e—i26k e—iZGk
_e—iek :l:Aae—iQk
1 0 1 2a
0 = — . 1 = .
d)i(k) - 2 :FelZGk ) U)i(k) ZAa elZGk )
elek iAaelek
0 2a

for the slow and fast cone, respectively. Two distinctive aspects of the present model
are reflected in these eigenstates. First, the states 1)) and 1); are degenerate. This is
due to the Brillouin zone folding induced by the Kekulé periodicity, which merges the
valley states associated with the flat band. Second, only the fast states 1)} depend on
the coupling parameter a, while the slow states 1} remain identical to those of pristine
graphene. This introduces an asymmetry between the fast and slow states of the nested
cones which is absent in the pure Kek-Y model, where both cones depend on the Kekulé
coupling. We verify that the low-energy analytical approximation, at low-energy, remain
consistent with numerical calculations up to a = 0.45.

4.4 Gapped Kek-a with a deformed flat band

In the ideal case, the proposed Kek-a model features a gapless energy spectrum with
two Dirac cones and a perfectly flat band lying at the Fermi level, resembling known
properties of the a-7; lattice. However, real systems often deviate from this idealized
scenario, and one physically relevant perturbation is the applied perpendicular electric
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Figure 4.5: Band structure near the center of the superlattice Brillouin zone
for the gapped Kek-a model. Top: evolution with on-site energy m. Bottom:
evolution with coupling parameter a. The spectrum consists of two dispersive
bands and a curved flat band originating from the central atoms. Calculations
are performed with t = 2.7 eV.

field. The effect of this field can be captured in the effective model through an on-
site potential m acting only on the A and B sites, which introduces an energy imbalance
between the lattice sites. Once this term is included, the band structure becomes gapped
and, more interestingly, the flat band is no longer preserved: it shifts away from the
Fermi level and becomes dispersive.

We performed numerical tight-binding calculations considering nearest-neighbor hop-
pings in the enlarged unit cell [see Fig. 4.2 (b)]. The band structures were obtained by
diagonalizing the corresponding 7 x 7 Bloch Hamiltonian H(k) along the k,-axis path in
reciprocal space, where we compute the seven eigenvalues of H(k) at each momentum
point. The explicit matrix representation and numerical implementation are provided
in Appendix C. The resulting band structure reveals that the previously flat band be-
comes curved under the effect of a finite m around the I point, exhibiting a characteristic
deformation whose nature depends on both m and the coupling parameter a. Figure 4.5
shows the band structure near I' point for several values of m (top row) and a (bottom
row). As expected, increasing m opens a band gap at the I' point. Simultaneously, the
flat band moves away from the Fermi level and acquires a finite bandwidth. This de-
formation becomes more pronounced as m increases. Similarly, varying a modifies both
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the curvature of the flat band and the separation between the Dirac cones. These ob-
servations are consistent with previous findings on gapped a-7; systems [140], where
it has been shown that the introduction of a band gap leads to a deformation of the flat
band.

Finally, the deformed flat band is no longer pinned at the Fermi level, and its acquired
curvature results in a finite density of states, which may have significant implications
for transport and optical properties. A comprehensive theoretical analysis is still needed
to quantify and interpret these effects. Moreover, a detailed study of the mechanism
behind breaking the flat band’s degeneracy, goes beyond the scope of the present work
and requires a more thorough analysis. Nevertheless, our findings highlight that the
interplay between the on-site potential m and the coupling parameter a gives rise to a
rich and tunable band structure, offering potential avenues for the design of flat-band
systems with controllable electronic features.



Optical response of Kekulé systems

This chapter is devoted to the study of the optical conductivity in honeycomb lattice with
Kekulé modulation. Three distinct variants of the Kekulé pattern are considered: the
Kek-O model, the Kek-Y model, and the Kekulé-modulated a-7; model (Kek-a) model,
the latter being introduced and developed in this work.

The optical conductivities of the Kek-O and Kek-Y models have been previously re-
ported in the literature. For this reason, only their key results are briefly presented here
as a point of reference and comparison [56, 58, 141]. In contrast, the optical response of
the Kek-a model is derived in full detail, including the joint density of states, the iden-
tification of allowed optical transitions, and the explicit conductivity calculation. These
results were also disseminated in Ref. [101].

In addition to the zero-temperature results, a separate section discusses the effects of
finite temperature on optical conductivity. Finally, we analyze specific spectral features
that can interpreted as signatures of Kekulé periodicity, which may serve as experimental
indicators of this modulation type in two-dimensional systems.

5.1 Current response in Kekulé-modulated systems

The lattice and band structures of the Kekulé models play a crucial role in determin-
ing the allowed optical transitions and the overall frequency-dependent response [see
Fig. 5.1]. In particular, the presence or absence of a band gap, the location of Dirac
cones, and the degree of valley splitting all directly impact the joint density of states
and the optical conductivity.

The optical conductivity tensor in the three cases of Kekulé modulation reduces to a
scalar response function, with real and imaginary parts

Re{o(w)} = D&(w) + Re{c ™ (w)}, (5.1.1)
Im{o(w)} = Im{o™?(w)} + Im{o™(w)}, (5.1.2)

41
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(a) (b) (c)

r

Figure 5.1: Lattice structure and band structure of (a) pristine graphene, (b)
Kekulé-distorted graphene (Kek-O and Kek-Y), and (c) the Kekulé-modulated
a-T; model (Kek-a). These band structures are shown here to highlight the
key differences that influence the optical response of each system.

where the intraband and interband contributions are obtained from the current-current
Kubo formula as

mtra(w)—lgs—ZJd k5(81—8p)(381) (5.1.3)

Re{O'imer(a))} = gso-ohTw Zf dzk Vl,l’(k) 19) (El(k) —_ 81/(1() —_ h(l)) , (5.1.4)
A

£2(k) —e;.(k)

(hw)z_(gl(k)_é'l/(k))z’ (515)

h /
Hmwmwn—y%ZEPﬂd%wum

assuming zero temperature. Here, o, = 2¢2/h, A is the band index and P denotes Prin-
cipal Value integral. The function V, ;,(k) arises from the product of matrix elements
of the velocity operator or in terms of the interband Berry connection as V, ;/(k) =
Ay v (K)A, (k) where A, 5, (k) = i(A,k[G, |1, k) is the k;-component, with i = {x,y},
of the interband Berry connection. We choose i = x for concreteness given the isotropy
of the model. The elements V; ,,(k) are given by:

()’3 kl ak H |A‘/J k> <2'/; kl ak H |A‘7 k)

e PN (R S 510
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Figure 5.2: (a) Real and imaginary parts of the optical conductivity o(w)
for the Kek-Y model. (b) The real part of o(w) for A, = 0 (graphene) and
A, = 0.1 (Kek-Y). The diagram on the right shows the allowed transitions
contributing to the conductivity. We take ¢, = 0.25eV.

The prime indicates integration over domains defined by the position of the Fermi energy
according to the condition ¢,,(k) < €5 < £,(k). We have included in Eq. (5.1.1) the Drude
weight D = wlim,,_,,[ wIm{c"(w)}] [142].

These expressions form the basis for the analysis of the frequency-dependent con-
ductivity for the Kekulé-modulated systems in the following sections.

5.2 Kekulé-distorted graphene

5.2.1 Kek-Y phase

The broken-valley degeneracy generates that the spectrum Kek-Y phase distortion con-
sists of two concentric gapless Dirac cones, referred to as “fast” (F,) and “slow” (S,)
cones [25, 58]. The energy dispersion relation is given by

e5(K) = nfvg(1+EAok (5.2.1)

where A, is the Kekulé modulation parameter, n = £1 is the index band for the con-
duction and valence band, respectively. The index £ = £1 labels the two cones, defining
two velocities: the ‘fast velocity’ vz(1 + A,) (§ = 1) and the ‘slow velocity’ vp(1 — A,)
(& =—1), associated to the fast cones F, and slow cones S,, respectively.

The Fermi contours, defined by the condition ef} (k) = &, depend on the position
of the Fermi energy and the magnitude of the modulation parameter A,. In the Kek-
Y phase, allowed optical transitions occur only between states belonging to different
cones — a phenomenon known as intervalley transitions (e.g.,S_ —-F,, S, - F_, S, —
F,). Transitions between states within the same cone are forbidden due to symmetry
constraints specific to the Kek-Y distortion [58, 60].

The total conductivity has intraband and interband contributions, o(w) = o™ (w)+
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o™€( ). The intraband conductivity, as in pristine graphene, is given by

oM () = g.0p— [5(fiw) +1i 1@] leg]. (5.2.2)
This expression remains unchanged from the pristine graphene case, as the distortion
does not affect the transport properties within each cone. A modification of the intraband
contribution would arise, for instance, in the presence of anisotropic effects in the energy
spectrum [143].

We divide the interband contribution as

" (@) = 0N ()0 (e — |ep]) + N ()O(les] — i), (5.2.3)

where ai:ter(w) considers contributions above the Fermi energy, that is the sum of all
permitted interband transitions, excluding S, — F, (or F_ — S_ when ¢; < 0), and
o™ (w) considers contributions below the Fermi energy, that is, the intervalley transi-
tions S, — F, and F_ — S_. Therefore

ﬁw+ﬁw+ fiew +hew_
fiow—Tfw, Hw—Hw_

1nter(w)_gso-016 {@(fiw ﬁw+)+®(ﬁw fiw )——1 ‘

(5.2.4)
| |lw—hw; few +Hw,
lnter O-ﬂ L f w
= 0 (fiw —fiw,) © (Hw; —fiw) + —1
(@)=¢ 16{ (o 2 (oo —fieo) + n e+ ko, fio—ho, }
(5.2.5)

In this case , fiw, = 2|¢;| corresponds to the onset for the intravalley transitions, while
fo_ = 2[ep|/(1 — Ap), hw, = 2|ep|/(1+ Ay) , and fiw; = 24ep]/(1 + Ay), hw, =
20lep|/(1—Ay), to the intervalley transitions.

We note that the Kekulé-Y distortion opens an inter-cone transition channel that is
absent in pristine graphene (see Fig. 5.2) [58, 59]. The characteristic step-like absorp-
tion spectrum of graphene is split into two half-steps due to the onset of absorption in
each valley occurring at different characteristic frequencies, resembling the behavior of
a 3/2 pseudospin Dirac semimetal. Additionally, an absorption feature below the Fermi
energy emerges from the intervalley transition S, — F,. This low-energy absorption
may serve as a distinctive signature of the Kekulé-Y phase [59, 63].

5.2.2 Kek-O phase

The Kek-O pattern induces a band gap in honeycomb lattice. The low-energy spectrum
for Kek-O consists of a doubly degenerate massive band [25, 40]. The energy dispersion
relation is given by

£,(K) =/ (v k)2 + (A)2 (5.2.6)

where 1 = 1 is the index band for the conduction and valence band, respectively. And
the parameter A = 3tA,, with A, the Kekulé modulation parameter and t the hopping
parameter. The band gap at the I point is e, = 2A.
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Figure 5.3: (a) Real and imaginary parts of the optical conductivity o(w)
for the Kek-O model. (b) The real part of o(w) for A, = 0 (graphene) and
A, = 0.1 (Kek-O). The diagram on the right shows the allowed transitions
contributing to the conductivity. We take e, = 0.25eV.

The Fermi contours, defined by the equation efl(k) = ¢ determined by the position of
er and the size of A,. In this system, there is a single type of interband transition: from
the valence band to the conduction band. The critical photon energy required to activate
such transitions depends on the Fermi level. When |e;| < A, no intraband transitions
occur, and the minimum photon energy for interband transitions is 2A.

The total conductivity has intraband and interband contributions, o(w) = o™ (w)+
o™(). The intraband conductivity, as in gapped graphene [ref], is given by

O(lex| — A), (5.2.7)

1 ] |5F|2 — (A)Z

. T .
oM (w) = gSO'()E [5(hw) +1i pr o
F

The interband contribution has real and imaginary part are given by

X\ 2
. 2A
Re{c"" ()} = gsgvool—ﬂ6 |:1 + (%) ]@(ﬁw —hw,), (5.2.8)

mtere 1 A2 11 2AV], |Hew—fiw,
Im{c"™ (w)} —gsgvoo{zﬁw oo, + 16 |:1+(ﬁw) ]ln‘ﬁw+ﬁwc }, (5.2.9)
where fiw, = max{2A, 2|e;|}.

We observe that the optical conductivity of the Kekulé-O model does not differ quali-
tatively from that of gapped graphene [144]. In particular, the onset of optical absorption
occurs at twice the band gap, and the overall frequency dependence resembles that of a
conventional massive Dirac system (see Fig. 5.3). This similarity indicates that the Kek-
O modulation does not leave a distinct optical signature. Although the Kekulé distortion
folds the two Dirac cones to the I' point, the valley degeneracy remains effectively un-
broken, as the cones become indistinguishable in both energy and momentum space. As
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S+—)F+

Figure 5.4: Schematic representation of optical interband transitions (arrows)
in the double cone structure (blue) of the Kek-a model. They are categorized
as intervalley (purple), intravalley (red), and flat-valley (green) transitions.
Shaded regions represent filled electron states up to the Fermi energy &, > 0
(gray dashed line). The inset shows the available conduction-to-conduction
intervalley band transitions opened below ¢ by the folding of the Brillouin
zone.

a result, no additional features—such as valley splitting or anisotropic interband tran-
sitions—emerge to differentiate the optical response from that of a trivial gap-opening
mechanism.

It is worth emphasizing that, to our knowledge, the optical conductivity of the Kekulé-
O phase has not been previously calculated or discussed in detail in the literature.

5.3 Kekulé-modulated a —75; model

5.3.1 Joint density of states

As a previous step to the calculation of the optical conductivity, we first explore the
spectrum of interband transitions through the joint density of states (JDOS), which for
transitions (§/,1') — (&, n), from the £, 1’ band to the &,n at energy Aiw reads as

/

/ d?k
9 —
T (@) =g,

(2m)?

5(e5 (k) — €5 (k) —Hiew), (5.3.1)
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where g, = 2 is the spin degeneracy. The prime indicates an integration domain re-
stricted to that region of k-space for which ssj(k) <egp < sf)(k) (Pauli blocking), where
er is the Fermi energy. Given that 8;’;(1() o< k (see Eq. (5.2.6)), this inequality defines
the radii of the wave vectors available for the allowed transition (§’,n") — (&, ) at fixed
photon energy, n'fvy(A, )5k < &5 < nfive(A,) k. According to the delta function, with
w > 0, an additional restriction is imposed by energy conservation sf](k) — 85):(1() =fw,
which defines a circle with radius k = w/(nvp(A,)¢ —n'vs(A,)¢). The combination of
these conditions allows to find the critical energies for the interband transitions. It can
be anticipated that the JDOS will display the usual linear-in-w dependence of graphene-
like systems.

Three sets of vertical transitions are distinguished in the present model:

(1) Intravalley transitions (&§,n" = —) — (§,m = +), which we denote as F_ — F,
(§=1) and S_ — S, (£ =0). They are depicted with red arrows in Fig. ?? for ¢; > 0.

The JDOS of these transitions is

g how 1

(93 — SS
JeZle) = g G e (A

o > 2|eg|. (5.3.2)

Note that for the transition between slow cones (§ = 0), S_ — S, the result is the same
as for a single valley of pristine graphene. Also, when a — 0, 7. f”i(w) = jfﬁ(co) and the
result for graphene is recovered.

(2) Intervalley transitions (£,1') — (£, = +) [with £ = 1 —&] for ¢; > 0 (purple
arrows in Fig. ??), which we refer to as {F_ —» S,,S_ — F,, S, — F_}, or transitions
(&, =—=) = (&,n) for e; < 0, collected in the set {S_. — F,,F_ — S,,F_ — S_},
both sets are ordered in a decreasing energy onset sequence. The downward transitions
F, — S, (e, >0)and S_ — F_ (& <0), are excluded from the corresponding set. The
transition S, — F, is shown in the inset of Fig. 5.4.

The JDOS for the transitions with 0’ # n) reads as

e \_ & ho 1 . (Aa+1) -
T = oy e "7 e ) :3:3)

while for transitions with n’ =7,

10 g, hw 1
Ow)= 2= 5.3.
Jel) = i B B =1 (5.34)
with
A, —1
( n )|8F|<hw<(Aa—1)|8F|. (5.3.5)

The appearance of this window below |¢;| is a clear signature of the present hybrid
model; as a — 0, it leads to the formation of a singularity, an effect known as band
nesting [145, 146]. Later, we will see how this impacts the conductivity and serves as a
distinctive feature of Kekulé periodicity.
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Figure 5.5: Joint density of states for (a) intervalley, (b) intravalley and flat-
valley transitions. The inset in (a) shows the contribution of intervalley transi-
tions between bands with the same index 7 (see inset in Fig. 5.4), which occur
in an energy window bounded by critical energies labeled as fiw; and ficw, (see
(5.3.5)). The results are normalized to the JDOS between the two bands of a
Dirac point at Aiw = 2|eg|, Ty = (g5/87'c)(2|sF|/ﬁ2v§). We take ¢ = 0.3 eV and
a=0.4.

(3) Flat-valley transitions (£, =0)—> (§,n=+) (¢ >0)or (¢, ==)—> (&,n=
0) (e; < 0), denoted as {Z¢ — F,, Z¥ — S,} (green arrows in Fig.??) or {F_ — Z¢,
S_ — Z*}, respectively. For the former set, Eq. (5.3.1) with ei, =0, gives

8 how 1
27 (Ave)2 (A)%°

TEo(w) = Heo > |eg]. (5.3.6)

For the latter set, taking ef’ =01in (5.3.1), \705,/_(@) = jf:o(w).

Figure 5.5 displays the JDOS for the complete set of interband transitions of the
present model. The corresponding onsets in Egs. (5.3.2)-(5.3.6) have been labeled
according to the definition

Rt = (n—0'(8)F 5)legl. (5.3.7)

Thus, fiw, = ficoi”l_ = hcoO;fJ_ = 2|¢eg| corresponds to the onset for the intravalley transi-
tions, while hw%}_ = (A, + 1)|egl, hco_l;f)_ = (A, +1)|exl/A, (see (5.3.3)), and hw_l;ﬂ =
(A, —1)legl/A, = how;, Aahwiﬂ = (A, — Dleg| =how; (see (5.3.5)), to the intervalley
transitions. The corresponding energy onset for the flat-valley transitions are labeled as
hwy = fiwi’g = hwg/’f/ = |eg|.

It can be seen how for transitions sharing the onset, the a-dependent slope provides
a way to identify its nature. It is worthwhile to note also that for a decreasing magnitude
of the parameter a, the number of transitions between cones with the same band index,
S, — F, or F_ — S_, notably increase because .7:’3: (w) o< (A, —1)72, although the
frequency region (5.3.5) narrows.
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Figure 5.6: (a) Real and imaginary parts of the optical conductivity o(w) for
the Kek-a model. The inset shows the absorption window due to ]Re{og‘ter(co)}
(Eq. (5.3.12)) and the corresponding singularities in ]Im{ag‘ter(co)}. (b) The
real part of o(w) for a = 0 (graphene) and a = 0.2 (Kek-a). The modulated
central atom increases and splits the interband conductivity into three steps,
and introduces and additional box-shaped energy window for optical absorp-
tion well below the Fermi energy, due to conduction-to-conduction intervalley
transitions. The diagram on the right shows the allowed transitions contribut-
ing to the conductivity. We take e, = 0.25eV.

5.3.2 Optical conductivity

The total conductivity has intraband and interband contributions, o(w) = o™ 3(w) +
o™e(¢). The intraband conductivity, as in pristine graphene [64, 131, 142, 147], is
given by

O_intra(w) — gso.og |:5(ﬁ0)) +i7-c w] lek, (5.3.8)

where each cone contributed independently and the flat band did not, since it has uni-
formly zero group velocity.
We divide the interband contribution as

oM (W) = oM (w)O(iw — |ex]) + 0 (w)O(Jex| — iw), (5.3.9)

where a;mer(co) considers contributions above the Fermi energy, that is the sum of all
permitted interband transitions, excluding S, — F, (or F_ — S_ when ¢; < 0), therefore

oM (w) = [0 ()17 + [0 (@)L + [0 ()2, (5.3.10)
with each transition contribution given by,
, Vgxgl
i 3 T nn’
ointer( , =80 — X
R e T e P

&g
, ; [ + A |
X @(ﬁw—ﬁwi’i,)——ln —gg,
’ T |ﬁw—ﬁwn’n,|

(5.3.11)
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Figure 5.7: Top: Re{oifter(co)} for several values of a at fixed ¢ = 0.25eV.
The absorption window displays a red shift and narrows as parameter a de-
creases, with its magnitude increasing (see Eq. (5.3.12)). Bottom: Re{aij‘er}
for varying e, with fixed value of @ = 0.45. A red shift and a narrowing of the
spectrum is observed as ¢ diminish, but now its magnitude remains constant.

where we have defined the dimensionless coefficients Vgg, defined for allowed inter-
band transitions, we have [1n'(4a®*—1)+A,]*/4A? for intervalley transitions, 4a*/(2a*+
1) for the transition Z' — S, (or S_ — Z') and zero otherwise.

On the other hand, aijter(w) considers contributions below the Fermi energy, that is,
the intervalley transitions S, — F_ and F_ — S_, then

1,0
OgTt V+’+

ar*vE (A, — 1)
i |Aw—fw; ﬁw+ﬁwi'}

oM (w) = g, {G) (how —hw,)O (ﬁwf — ﬁw) +

+—1 .
s g fiw+hw, fw—ho,

(5.3.12)

Intravalley transitions (S_ — S, and F_ — F,) in the Kek-Y graphene model were pre-
viously shown to be forbidden using Fermi’s golden rule [58]. This can be attributed to
the fact that the S cone is entirely chiral, while the F cone is entirely antichiral. A more
formal verification was provided using symmetry arguments, which impose a selection
rule in the context of the Zitterbewegung effect [60]. In addition, we find that the tran-
sitions Z¢ — F,, between a flat band and the fast cone are absent, reducing the number
of transitions with the flat band, compared to the a-7; model.

The real and imaginary parts of the total optical conductivity o(w), for e, = 0.25 eV,
are shown in Fig. 6(a), in Fig. 6(b) we compare the real part of the conductivity for
a = 0 (graphene) and a = 0.4. Compared with the usual optical response of graphene,
these plots show three distinctive features: an intervalley window for transitions below
the Fermi energy (see the inset in Fig. 6(a)), a flat band to slow cone step at hiw = &,
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and the splitting of the step at ico = 2¢, in two steps, one at hw?r”l_ = (A, +1)|eg|, and
the other at hw};’o_ =(A,+1)|ex|/A,. Notably, the addition of the central atom results in
increased maximum absorption compared to that of other graphene-like systems, with
this distinct three-step structure in the optical conductivity [58, 59]. This effect, along
with the modified energy dispersion, resembles the behavior of a 5/2-pseudospin Dirac
semimetal [148], suggesting that lattice modulation may alter the system’s effective
pseudospin.

When a — 0, the oijter(co) contribution and the flat-band term in Eq. (5.3.11) vanish,
reducing the interband conductivity to the well-known expression for pristine graphene’s
interband conductivity [131], o™ (w) = ag;ter(w), where

OoT

. [ Aw+2
o) = g, 20" {e(ﬁw—2|sF|) ~Lp “”—"‘"

hw—2|ep|

16 - } (5.3.13)

We further analyze the interband contributions below the Fermi energy o™ (w) in
Fig. 5.7. The frequency range of this conductivity is determined by fico;; = fi(w; —w;) =
(A, —1)*|exl/A,, and it is centered at fiw_. = A(w; + w;)/2 = (A2 —1)|ep]/(24,), as
shown in the inset of Fig. 6(b). Notice that w_ = (w?;}_—co};f)_) /2,1.e. w_ is related with
the frequency difference of the transitions S_ — F, and F_ — S,. The energy Aw_ is
often referred to as the beat frequency [59] and is the result of interference between the
two closely spaced critical frequencies. For a — 0, the contribution oifter(co) vanishes,
as the band £7(k) and & (k) nearly overlap, resulting in V,[e7(k) — & (k)] ~ 0 and
resulting in an absorption peak in conductivity. This effect, known as band nesting, has
also been observed in transition metal dichalcogenides [145, 146] and space-modulated
2D materials, such as twisted bilayer graphene [73, 149, 150].

5.4 Effects of finite temperature on optical conductivity

In realistic conditions, temperature plays a crucial role in the optical response of ma-
terials. Thermal effects can smear spectral features and modify absorption profiles in
Dirac systems [58, 131, 141, 151]. Conceptually, this occurs because finite temperature
introduces a thermal distribution of carriers around the Fermi level, effectively averag-
ing the optical response over a range of energies. As a result, sharp transitions at zero
temperature broadened, and the conductivity becomes a thermally weighted version of
its zero-temperature counterpart.

The conductivity at finite temperature can be calculated from a convolution inte-
gral between the zero-temperature counterpart, o(w; T, u’), and the peaked function,
af/ow, with f[u(T), '] = (exp{B[u(T)— w1} + 1), which takes the form [152]:

o(w;0,u) ,
d 5.4.1
cosh(BLu(T)—w1/2} - G4

olw; T,u(T)] = g[

where u’ is the Fermi energy ¢, = u(T =0) and 8 = 1/kgT.



52 5.4. Effects of finite temperature on optical conductivity

| - 1«,,"1"/,1 o ‘ ‘ ‘ (b) 12 —_— k,,T/,L‘:n ‘ ‘ (C) L0

-k, T/p = 0.01 100" kyT/p = 0.01

(a) 1.0
= 080 =003 ot kyT/p = 0.03 0.8 Y
(=]
06

0.8

0.6 7 Bl
0.6 11 .

0.4 1y
021

0.0
1.0 T T T T T 2 T T T 1.0
—_— T/ =0 — T/ =0
) == kyT/p = 0.01 1E == kyT/p=0.01 ]

05l seee kyT/p=0.03 ] ek T/p = 0.03 05F
°F 0F
s F 18 F
0 Wt 5 1 —1F 1 0.0F 16 E
3 . (| 4 12 F :
0

bo 01 02 03 o4 05 06 030 035 0.0 0.5 os0 0 01 o2 03 04 05 06
hw (eV) hw (eV) hw (eV)

0.4

i - = kT/u=0 ]
0.2 3 == kT/p = 0.01
s By T/p=0.03
A L L L

0.1 0.2 0.3 0.4 0.5 0.6

T T
— kT/n=0
== kyT/p = 0.01
s kyT/p = 0.03 ]

Im{o(w)/o0}

Figure 5.8: Real and imaginary parts of the optical conductivity considering
the effect of finite temperature for the (a) Kek-Y, (b) Kek-O, and (c) Kek-a
models. We take y = 0.2 eV, with A = 0.1 for the Kek-Y and Kek-O models,
and a = 0.2 for the Kek-a model.

To obtain finite-temperature expressions for the three models under consideration,
we find that the essential components of the conductivity are modified as follows:

ler] — 2kgTIn[2cosh(Bu/2)] (5.4.2)
o(hw—hw,) — %{tanh[zgzu(hw—khwu)]+tanh[zgzu(hw—hwu)]} (5.4.3)

@(ﬁw—hwu)@(ﬁw;—ﬁw) — %{tanh[zgg (hw+hwu)]+
n

Bu /
+tanh [ 2, (hw — hwu)] —(flw, — ﬁwu)} (5.4.4)
lhw thew,| — \/(hw +hw,)?+ [ﬁwu(kBT)z/,u] (5.4.5)

Here, w, is the critical frequency associated with interband transitions (e.g., for graphene,
w, = 2u/h). The Eq. (5.4.2) corresponds to the intraband contribution, the Egs. (5.4.3)

modifies the real part of the interband response, and the Eq. (5.4.5) smooths the loga-

rithmic divergence in the imaginary part of the interband conductivity.

In particular, for the imaginary part of the interband contribution, evaluating the con-
volution integral in Eq. (5.4.1) is generally not analytically tractable. However, a thermal
regularization can be introduced to approximate the result [131], effectively smoothing
the singularity, as shown in Eq. (5.4.5). This approach is accurate at low temperatures.
At higher temperatures, however, a full numerical evaluation of the convolution integral
is required for reliable results.
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Figure 5.9: (a) Temperature-dependent chemical potential u(T) for different
values of the effective gap A, with a fixed Fermi energy ¢, = 110 meV. (b) Real
part of the optical conductivity of the Kek-Y model at different temperatures,
computed for £; = 120 meV and A, = 100 meV.

An accurate description of temperature effects in Dirac systems also requires de-
termining the temperature-dependent chemical potential u(T), which ensures carrier
density conservation. This is particularly important when calculating optical properties
at finite temperature. The resulting implicit equation, expressed in terms of the Fermi
energy & = u(0), takes the form [151]:

e2— A* =2(kgT)*A[T, u(T), Al (5.4.6)

where

AT, u(T),A]l = ﬂAln( ) +Li, (—e PU+B)) — L, (—eP@2),  (5.4.7)

1+ e—Bu+d)

Li,(x) is the dilogarithm function, and A denotes the effective energy gap. Note that in
Eq.(5.4.6), only the Kek-O model corresponds to A # 0, while for the Kek-Y and Kek-a
models, A =0.

In Fig. 5.9, we present the corresponding chemical potentials u(T) at a fixed positive
value of ¢;. The function u(T) remains positive in both cases. In the presence of a gap
leads to a more rapid decrease of u(T) as a function of temperature compared to the
simplest case of gapless.

5.5 Optical signature of Kekulé periodicity

The Kek-Y and Kek-a models exhibit a characteristic absorption window in the low-
frequency optical response (see Fig. 5.7), which is absent in the Kek-O model. This
absorption feature originates from the breaking of valley degeneracy due to the Kekulé
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Figure 5.10: Interband contribution to the optical conductivity below the
Fermi energy, ]Re{aijter(co)}, for (a) the Kek-Y model and (b) the Kek-a model,
for different values of A, and a, respectively. The calculations are performed
at T =298 K and ¢; = 120 meV.

periodicity. In contrast to pristine graphene, where inter-valley transitions are forbidden,
the folding of the Brillouin zone in Kekulé-modulated systems enables optical transitions
between states in different valleys.

This phenomenon leads to the interband transitions below the Fermi energy, a hall-
mark of Kekulé-modulated structures with gapless spectra. In both the Kek-Y and Kek-a
models, this contribution is associated with the S* — F* intervalley transition, as shown
in Fig. 5.2 and Fig. 5.6. The folding of the Brillouin zone causes certain conduction
bands to become nearly parallel, specifically £7(k) and &, (k). This implies that their
energy difference has a small group velocity V[e7(k) — ¢, (k)] ~ 0, which leads to an
enhancement in optical absorption, this is known as band nesting [63]. We notice that
the intraband contribution remains unchanged across all Kekulé models. The Kekulé
modulation does not affect transport within the same valley, meaning the Dirac cone
structure remains intact.

We present the optical response at finite temperature in Fig. 5.10. We observe that
the absorption feature extends into the infrared regime. In the Kek-a model, the spec-
trum at small values of a lies in the far-infrared, whereas in the Kek-Y model, it lies in
the mid-infrared range. In both cases, the absorption strength is tunable via the Kekulé
parameter: A, for Kek-Y and a for Kek-a.

Moreover, in both models, the absorption magnitude is proportional to the strength
of the Kekulé modulation, i.e., to A, or a. Notably, the Kek-a model exhibits a larger
absorption magnitude than the Kek-Y case. Furthermore, at zero temperature, the ab-
sorption appears as a well-defined window. At finite temperature, thermal broadening
smooths the optical response, transforming the window into a well-defined peak, as
shown in Fig 5.11. This effect is particularly noticeable in the Kek-a model, where the
magnitude of the peak becomes directly proportional to a (see Fig. 5.10) in contrast to
the zero-temperature where the opposite occurs (see Fig. 5.7).



5 OPTICAL RESPONSE OF KEKULE SYSTEMS 55

(a)05 — T T T T T T T T T "_x ':'0 ;( T (b) 4.0 I L "_x ':VOVK T
-— T=5K i -— T=50K
T =100 K [ T =100 K
0.4r 7= —- T =200K | [ — T=200K
—~ 1 \ ~ 3.0 b
=) h \ =) t
S ] \ S 3 ~
=03}l f 1 1 = I A
3 o 3t 1\
g /N g 201 ;A 1
.Eb\/ 0.2k \i ] -Eb\/ L
z { | % 1ol =
: i\ 1.0 |- 1
0.1F /i BN ] : ety
/] 1\ [ Ry VN,
/0 VN » — T N
0.0 ) ) ! A i ) 0.0 e, pan ) b )
20.0 40.0 60.0 80.0 100.0 120.0 10.0 15.0 20.0 25.0 30.0 35.0
hw (meV) hw (meV)

Figure 5.11: Interband contribution to the optical conductivity below the
Fermi energy, ]Re{aijter(co)}, for (@) the Kek-Y model and (b) the Kek-a model
at different temperatures. We consider ¢; = 200 meV, with A, = 0.15 for the
Kek-Y model and a = 0.25 for the Kek-a model.

We identify a pronounced resonance peak at the center of the spectrum, referred to
as the Kekulé frequency, given by:

2A
0 5 M for Kek-Y,
w, —w_ 1—-A2 1
Wgek = — 5 — AZ 1 (5.5.1)
2 QM for Kek-a,
2A

a

where w, and w_ correspond to the transition frequencies F. — S, and S_ — F_, re-
spectively.

This resonance is interpreted as a beat frequency, arising from the interference of
two absorption channels with closely spaced frequencies. Such interference results in
an observable peak in the conductivity spectrum [59]. The Kekulé periodicity lifts the
valley degeneracy, introducing two closely spaced absorption edges for each valley. The
interference between these two gives rise to the resonant Kekulé frequency, wy.y-

Finally, this phenomenon is particularly relevant in the context of space-modulated
2D materials, such as twisted bilayer graphene [73, 149, 150], and we expect that might
serve as a fingerprint of Kekulé modulation in similar systems [58, 59, 63, 101].



Conclusions

This work has explored the electronic and optical properties of two-dimensional Dirac
materials with Kekulé modulation, focusing on three distinct Kekulé phases: Kek-Y, Kek-
O, and Kek-a.

Chapter 2 presented a review of the electronic structure of key Dirac materials, in-
cluding pristine graphene, Kekulé-distorted graphene and the a-7; model. These sys-
tems served as the foundation for understanding their characteristic low-energy behav-
ior.

Building upon this background, in Chapter 4 we introduced a Kekulé modulation
into the a-7; model, resulting in a novel hybrid system: the Kekulé-modulated a-7;
model (Kek-a). We calculated the band structure and corresponding eigenfunctions.
The model features a double-cone energy dispersion and a degenerate flat band, closely
resembling the spectrum of the Kek-Y model. Additionally, we briefly explored the ef-
fects of a perpendicular electric field by introducing asymmetric on-site energies. This
perturbation opens an energy gap and induces a curvature in the flat band, making it
weakly dispersive. A similar behavior has been reported in the irradiated a-7; model
under circularly polarized light [140], though the underlying mechanisms differ. In our
case, the full understanding of this effect remains an open problem that requires further
investigation. Another interesting direction for future work is the inclusion of spin-orbit
coupling. Given that the considered lattice exhibits buckling, the intrinsic spin-orbit
interaction could be significant and may lead to nontrivial topological phases.

To characterize the quantum transport properties of these systems, we studied their
optical response. Chapter 3 established the theoretical framework by introducing linear
response theory and the Kubo formalism, including a detailed derivation of graphene’s
optical conductivity as a benchmark. In Chapter 5, we applied this framework to com-
pute the optical conductivity of Kek-Y, Kek-O, and Kek-a.

The optical response of the Kek-Y model has been reported in earlier works [56, 58];
however, our analysis extends and refines its characterization. Both the Kek-Y and Kek-a
models exhibit highly tunable optical response governed by the Kekulé parameters A,
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and a, respectively. Notably, new features emerge in their conductivity spectra due to
the opening of intervalley channels, which are absent in pristine graphene and the a-7;
model. In contrast, the Kek-O phase optical spectrum does not differ qualitatively from
that of gapped graphene, without prominent signatures of Kekulé periodicity. Interest-
ingly, it has been shown that the Kek-Y model mimics the behavior of a pseudospin-3/2
Dirac system. In our study, the Kek-a phase revealed an optical conductivity with a dis-
tinct three-step structure, reminiscent of a pseudospin-5/2 Dirac semimetal. For all three
phases, our analytical results recover the well-known expressions for pristine graphene
in the appropriate low-energy limits.

We also studied the effects of finite temperature on the optical conductivity. By using
the standard convolution method, we obtained the finite-temperature response from the
zero-temperature conductivity. The results showed that thermal broadening primarily
smooths the spectral features around the critical frequencies, due to the broadening of
the Fermi-Dirac distribution. We computed and analyzed the temperature dependence
of the conductivity for all three phases. Finally, we identified an absorption resonance in
the Kek-Y and Kek-a models, associated with a beat frequency between the valleys. This
peak emerges in the optical conductivity at finite temperature and serves as a signature
of intervalley coupling. We analyzed how the peak position and intensity depend on
the Kekulé parameters and temperature, and identified the characteristic frequency at
which this resonance occurs.

In summary, the study of the electronic and optical properties of Kekulé-modulated
Dirac systems reveals key features of valley coupling and symmetry breaking, which
may serve as robust optical signatures for detecting Kekulé periodicity in related two-
dimensional materials.



Detailed tight-binding model of the Kekulé-
distorted graphene

We start from the tight-binding Hamiltonian of graphene with Kekulé bond modulation:

H=—> ZSI ten@ibers +H.c. (A.0.1)

r n=1

where the bond-density wave is introduced as t,,, = t{1+ 2Re[ Ae!PX++aK)8.HG T} wyith
Kekulé wavevector G = K, —K_ and A the complex Kekulé parameter. The Hamiltonian
can be split into two parts:

3 3
He ot 373 s — 2t 3T Re(AessOs6ry gy He,

r n=1 r n=1

= H, + Hy (A.0.2)
where H, corresponds to pristine graphene and Hj captures the Kekulé perturbation.

To transform Hy to momentum space, we define a = (pK, +qK_)-6,, and 3 =G-r, and
proceed with the Fourier transform:

3
Hy = —tZZ[Aei“”ﬁ +A*e*Plalb, 5 +H.c,

r n=1
3
t ~ . . ~ . . - a1,/ .1,/
=y Z Z Z[Aew‘*’ﬂ + Areloip ]allel(k Wreik-onp 4 Hoe.,
kk' r n=1
; 3
=—7 Z Z Z [Aai\;e—l[k—(k FA i KA ) Buy 4 A*ale—l[k—(k ~G)]1,i(K K, )5, bk’] +H.ec.,
kk r n=1

(A.0.3)
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where we have used K, , = (pK, + gK_). After summing over real space, we obtain
momentum-conserving delta functions and the result:

3
He=—t > > [Ad], e oaonby, + Atal, e @ %p, ]+ He, (A.0.4)

k' n=1

Using the definition of the structure factor for nearest-neighbor hopping f (k) = 3. e
The full Hamiltonian in momentum space becomes:

H==>alf(Rb,—al, Af (k+pK, +qK )b,
k

—a] JA*f(k—pK, —qK )b +H.c.. (A.0.5)

We can expand the Hamiltonian by shifting each term by +G and —G, resulting in the
following form:

H=—> {al ()b, +a},;Af(k+pK, +qK )by +a]_(A*f(k—pK, —qK )b, +
k

+ g, 6f (k+ G)biyg + q_gASf (k+ pK, +qK_+G)byg+

+ @ A" (k=pK, —qK_+ @b g +ay_of (k= G)by g+

+alﬁf (k+pK, +gK_—G)by_¢ + al+GA*f (k—pK, —gK_—G) bk—G} +Hec,
(A.0.6)

and rewrite the Hamiltonian as:

0 FK
H=-—¥ ( Fa o )qfk, (A.0.7)

where we have defined the spinor ¥, = (ay, ax_g, Ak+6> D> Px—g> Dt Cio> Ckeg> Ckig)> and
the coupling matrix F(k) takes the form:

fk) f(k+pK, +gK_—G) f(k—pK, —qK_+G)
F(k) = | f(k—pK, —qK_) f(k—G) f(k+pK,+gK_+G) |, (A.0.8)
f(k+pK, +qK) f(k—pK,—qgK —G) f(k+G)

which can be rewritten using the index equation v =1+ g —p mod 3, leading to

f(k+pK, +gK_ )= f(k+(p—v)K, +(q+ »)K_+vG),
= f(k+(2p — @)K, +(2¢ —p)K_+ (v—1)G). (A.0.9)

Given that p,q € Z,, it follows [(2p —q)K, +(2¢g—p)K_]- 6, =2n(p+q)/3 forn=1,2,3.
Therefore, the function f (k) can be rewritten as

f(k+pK, +qK ) =Af(k+(v—1)G), A =el3r+D, (A.0.10)
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From the previous equation, it follows that f (k—pK, —qK_) = A*f (k+(1—v)G). There-
fore, the coupling matrix in Eq. (A.0.8) can be written as

fO Afv+1 A*f—v—l
F,EK=|A"_, fa Af, . (A.0.11)
Af,, Af,  fi

where f,(k) = f (k+ nG).
The low-energy spectrum of Kekulé-distorted graphene is governed by four dominant
modes uy, = (ax_g> Arg> Dr—g> Drig)- In this basis, the Hamiltonian is expressed as:

H:‘”ﬂ(hi(()k) o Jue m=(g1, Aff) (4.0.12)

where the functions f, (k) = f (k+ nG) are defined from the structure factor of the hon-
eycomb lattice:

fo(k)=—t )y ekdipinGd: (A.0.13)

3
i=1
To obtain a low-energy approximation, we expand f,(k) around k = O to first order:

3
f(k+nG)~ f(nG) + [k Vi f (K)ol + O(k?) = —tZ [(1+ik-6)e"%]. (A.0.14)

i=1

Using this expression, we obtain the following equation:
F(k+nG)=—t[(1+ik-8,)e 7"+ (1 +ik-8,)e " 3"+ (1 +ik- 85)],

=—t [eiz?ﬂ” fe TNy —‘/qu i (eiz?ﬂ” — e_izTn”) — CJ%yi(eiz?ﬂ" feiFn_ 2):| s

2 2 2
=—t [Zcos (ﬂ) +1—+/3q, sin (ﬂ) —q,i (cos (ﬂ) — 1)] .
3 3 3
(A.0.15)
Evaluating explicitly for n = +1, and using the symmetry of the honeycomb lattice, we

obtain: 3t
fr(K) = ——(Fq +1q,) = Ave(Fq, +1iq,), (A.0.16)

where the Fermi velocity is defined as v; = 22, and (q,, q,) denote components of k. For

n = 0, the result simplifies to:
fo(k) =—3t. (A.0.17)

To express the Hamiltonian in the valley-isotropic representation, we applied the unitary
transformation u;, = (a_g, 6> Pr_g> Pric) = Uk = (—bi_g> T_g> Axsq> Drig)> leading to
the transformed Hamiltonian:

_(vp-o AQ,
100 = ("o ) (A.0.18)
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where p = (p,,p,), 0 = (0,,0,) is the Pauli matrix vector acting on sublattice space,
and the term v;p - o captures the linear Dirac dispersion. The off-diagonal matrix Q,,
encodes the Kekulé-induced intervalley coupling and depends on the Kekulé texture:

f* 0 ) { 3to,, y=0
= v = ) ) A.0.19
RX (o —£,) = velvps —p, )00, 9] =1 (4.0.19)



Details of the Kekulé-modulated a-7; model

In this appendix provides supplementary derivations for the Kekulé-modulated a-7;
model, including the formulation of the spatially modulated hopping amplitudes, the
symmetry constraints enforced by the superlattice structure, and the explicit construc-
tion of the tight-binding Hamiltonian in momentum space and its corresponding low-
energy expansion.

B.1 Hopping amplitude

To reproduce the lattice structure shown in Fig. 4.1 (a), we introduce a hopping ampli-
tude t(r, 6;) that depends explicitly on the position r and on the nearest-neighbor vector
0 ;. The modulation must respect the periodicity of the superlattice,

t(r,6;)=t(r+R,0;), (B.1.1)

where
R= n(231—32)+m(232—al), n,mec 7. (B.1.2)

For convenience, we assume a parametrization of the form
t(r,6)=alt+t(r,6,)], (B.1.3)

where it is sufficient to require periodicity only for the modulation t’. We adopt the
simple ansatz
t'(r,6;) = 2tRe{eF76T} = ¢ cos (F 0, +G- r) . (B.1.4)

Imposing superlattice periodicity,

iF-6;+iG-(r+R) _ eiF-6]-+iG~r =

e

elCR =1, (B.1.5)
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implies that G must belong to the reciprocal lattice of the superlattice. The recipro-
cal lattice of the Kekulé-modulated honeycomb coincides with the set generated by the
graphene Dirac points K,. An identical argument applies to F. Thus, we write

G =pK, +¢qK_, F=uK, +vK_, p,q,u,v € Z. (B.1.6)
For all superlattice vectors R, we require the following two conditions:
t/(R, 63): t/(R+ai, 61)#0, (B.17)

t/(R, 6]): t/(R+al, 6]):_%’ (B.1.8)

with i,j € {1,2}, i # j. The first condition ensures that site C couples only through
hoppings that carry the Kekulé periodicity, while the second condition imposes that cer-
tain bonds vanish, effectively disconnecting the remaining sites from the tight-binding
model.

Imposing equality between the corresponding amplitudes yields

which is satisfied if and only if F = G. With this identification, the modulation becomes
t'(r,8;) = 2tRe{e®+%)} = t cos |:G (r+ 5j)] . (B.1.10)

To determine the coefficients p and g, we use the non-vanishing condition and set
(without loss of generality) t'(R,63) = 1. This gives

cos(G-0;)=1 = 2?7T(p+q)=27'ck, keZ. (B.1.11)

Choosing k = 0 yields p = —q. Next, imposing the vanishing condition

cos(G-0,)= —%, (B.1.12)
and using p = —q, we obtain
2
—%p:i§+27ck, ke (B.1.13)

Setting k = 0 gives p = £1. We choose p = 1 and thus ¢ = —1. Therefore, G = K, —K_
is the Kekulé wave vector, and the final form of the hopping amplitude is

ty; = t(r,6;) = at{l +2Re{e’S*2)}}. (B.1.14)

B.2 Tight-binding Hamiltonian

We start from the tight-binding Hamiltonian of Kekulé-modulated a-7; model:

H= —tZZS: bla, s —Zi to;blc.s, +He, (B.2.1)

roj=1 roj=1
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where the C sites hoppings is introduced as t,; = at{1 + 2Re[e®(+2)7]}. with Kekulé
wavevector G = K, —K_. The Hamiltonian can be split into two parts:

H=—t Z 23: bla, 5 —at ZZSI blc. 5, —2at ZiRe{eiG'(”‘sJ‘)}bfchﬂsn +Hc,

r j=1 r j=1 r j=1
=H,+H, (B.2.2)

where H, corresponds to a-7; model and H captures the additional sites in sublattice
C. We proceed with the Fourier transform:

3
H, =—at Z Z[eiG'r“G"si +e 6T bl 5 + Hee,

r j=1
at :
= _F Z Z Z[elGTﬂG.Ej + e—lG~1‘—lG'6j ] bil;el(k —k)~relk -ﬁjck/ + H.C.,
Ikt j=1
at :
=— Z Z Z [ b il (K +@rgi(k+6)5; . pfpmillc(K-Olbrgik-6)3 |4 Hc.,
kk r j=1

(B.2.3)

where N is the number of sites of the lattice. After summing over real space, we obtain
momentum-conserving delta functions and the result:

3
H.=—at Z Z [bii,JrGei(k/“LG)'af Cp + b;:,_Gei(k/_G)"sf ck,] + H.c. (B.2.4)
k' n=1
Using the definition of the structure factor for nearest-neighbor hopping f (k) =t >_ e™?,.
The full Hamiltonian in momentum space becomes:

H==> a/f(b—a) [bif W+ bl,of (k+G)oy+bl_of (k—G)e]+H.e..
k k
(B.2.5)

We can expand the Hamiltonian by shifting each term by +G and —G, resulting in the
following form:

H=—> {alf (b, +blaf K, + bl caf (k+G)e, + b_saf(k—G) +
k

+ aL—Gf (k+G)byc+ b£+Gaf (k+G)cyyq + b]i_GOlf (k—G)cyg + biiaf (K)cisgt

+a,_of (k—G)by g+ b,_gaf (k—G)a g+ baf (K g + by, qaf (k+ Qe g} +He,
(B.2.6)

and rewrite the Hamiltonian as:

0 F(k) 0
H=-9| Fik) 0 afk) |y, (B.2.7)
0 af'(k) 0
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where we have defined the spinor ¥, = (ay, dx_g, Q6> P> P> Prcrcs Clo Cico Crrg) > and
the coupling matrices F(k) and £(k) takes the form:

fo 0 0 fo fo fo
FRK)=|0 foq O, E®=|fq1 fa fal, (B.2.8)
0 0 f; i h h

with f, = f (k+ nG), and we have used the relation f(k £ 2G) = f (k¥ G) [25].
The low-energy spectrum of Kek-a model is governed by six dominant modes uy, =
(Ax—g> Ar6> Dr—g> Drsg> Ckeg> Crig)- In this basis, the Hamiltonian is expressed as:

0 g(k) 0

_ i ot _(fa2 O fa fa
Hami| €00 0 ah0) fu, sto=("o 7). noo=("1 7). m29)

where the functions f, (k) = f (k+ nG) are defined from the structure factor of the hon-
eycomb lattice:

3
full) =—t > elPiinea, (B.2.10)

i=1

To obtain a low-energy approximation, we expand f, (k) around k = 0 to first order:

3
f(k+nG) ~ f(nG) + [k Ve f (K)ico] + O(kH) = —t > [(1 +ik-5)e™%]  (B.2.11)

i=1

apartir de esta expresion podemos desarrollar

F(k+nG)=—t[(1+ik-8,)e 7"+ (1 +ik-8,)e " 3" + (1 +ik- &5)]

21

—t [e Trpe T4 4 ‘/iq" '(el_” e_l?”) qui(eizTﬁ” +eiEn —2)]

=—t [ZCOS(Z;C ) +1—+3q, sm(zgn) —q,1 (COS(ZBE) — 1)]
(B.2.12)

Evaluating explicitly for n = +1, and using the symmetry of the honeycomb lattice, we
obtain:

3t . :
fir(K) = = (4, +iq,) = ve(Fq, + 1), (B.2.13)

where the Fermi velocity is defined as v; = 3¢, and (qx,q,) denote components of k.

To express the Hamiltonian in the Dirac-like representation, we applied the unitary
transformation:

U = (6> tas Drgs Brras Ckgs Cira) = Uk = (Are> —bives Ckras Ak-6s Dr—c> Ckq)s
leading to the transformed Hamiltonian:

H(k) = (VFS-{ S S*), (B.2.14)



66 B.2. Tight-binding Hamiltonian

where p = (p,,p,), 0 = (0,,0,) is the Pauli matrix vector acting on sublattice space,
and the term v;p - o captures the linear Dirac dispersion. The off-diagonal matrix Q
encodes the Kekulé-induced intervalley coupling:

0
0 px+ip, |, (B.2.15)
+

0
Q=av;| 0
0 ipy 0

Dx



Numerical implementation of the tight-
binding model

In this appendix, we describe the numerical procedure used to obtain the band structures
presented for the Kekulé-modulated a—7; model.

The band structures were computed using a tight-binding approach based on the
Bloch Hamiltonian of the Kekulé-modulated a—7; model. The enlarged v'3 x +/3 super-
cell contains six sites belonging to the honeycomb lattice (A; and B;) and one additional
site C, giving rise to a 7 x 7 Bloch Hamiltonian H(k) of the form

A, B, A, B, A, B, C

H(k)= B, (C.0.1)

This Hamiltonian naturally decomposes into: (i) a 6 x 6 block H,  describing all in-
tralayer honeycomb hoppings inside the v/3 x /3 supercell; (ii) a 1 x 6 block H,_. de-
scribing the B—C coupling (with H,_, representing the reverse process); and (iii) a scalar
term H._. for the on-site energy of the central C atom.

The atoms in the supercell are labeled as A,,B;,A,, B,,A;, B; following a clockwise
ordering starting from the top site of the hexagon, while the central site is denoted by
C.

All calculations were performed within a nearest-neighbor tight-binding model. The
perpendicular electric field was incorporated as a sublattice-staggered on-site potential
m. The parameter a determines the coupling strength between the B sites and the
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central C site. All interactions are expressed in terms of the three nearest-neighbor
vectors

6,=2%(v3,-1), §,=-%W3,1), §&;=a(0,1), (C.0.2)
so that the hopping amplitudes acquire complex Bloch-phase factors te*?® for A-B
bonds and at e®*? for B-C bonds.

An equivalent decomposition of the Hamiltonian is
H(k) = Hin(k) + Hout(k) + Hm(k)> (COB)

where H;,(k) contains all nearest-neighbor hoppings inside the supercell, H, (k) con-
tains hoppings connecting to adjacent supercells, and H,,(k) includes the on-site mass
terms. The explicit 7 x 7 matrices used in the numerical calculations are:

0 tetkd 0 0 0 tetkd2 0
te— ko 0 te~kds 0 0 0 ateko2
0 tetkds 0 teiko: 0 0 0
Hy (k) =— 0 0 te ik 0 te ko 0 ate®™® | (C.0.4)
0 0 0 tetko 0 tetkos 0
—ik-6, 0 O O te—ik~53 0 ateik-51

te
\ 0 ate ko2 0 ate kos 0 ate ko 0 ]

[ 0 0 0 tetkds 0 0 0\
0 0 0 0 te®®2 o 0
0 0 0 0 0 tetkd1
H,,(k)=—]| te7®% 0 0 0 0 0 0 (C.0.5)
0 tetko: 0 0 0 0 O
0 0 te ko 0 0 0 O
\ 0 0 0 0 0 0 0 ]
and the mass term:
H,(k) = mdiag(+1,—1,+1,—1,+1,—1,0). (C.0.6)

The band structures shown in Figs. 4.3 and 4.5 were obtained by numerically solving

the eigenvalue problem
H(k) c(k) = E(k) c(k), (C.0.7)

with E(k) and c(k) the eigenvalues and eigenvectors, respectively.
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