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RESUMO

Fotonica de heteroestruturas de grafeno e outros materiais
bidimensionais

Essa tese aborda o tema da intera¢do da luz com materiais bidimensionais. Ela inicia-
se com uma revisdo do estado da arte dos materiais bidimensionais, focando-se, em
particular, naqueles que sdo mais promissores para o uso em nanofotonica: grafeno,
monocamadas de dicalcogenetos de metais de transi¢do e nitreto de boro hexagonal.
De seguida discutimos as propriedades opticas desses materiais e nas suas quasi-
particulas/modos coletivos: plasmoes, fondes, excitdes e polaritoes.

O objectivo primeiro desta tese é descrever microscopicamente a interagdo da luz
com os portadores de carga nestes novos materiais bidimensionais. Para isso é de-
senvolvido em detalhe o formalismo das equac¢des semicondutoras de Bloch. Tam-
bém sdo derivadas as expressdes para a susceptibilidade e a condutividade dptica do
grafeno utilizando a formula de Mermin. Esses resultados sdo utilizados ao longo da
tese.

As equagoes semicondutoras de Bloch sdo utilizadas para tratar o sistema de uma
folha de grafeno com bombeamento éptico. Apos um rapido periodo transiente, a
distribuigdo eletronica assumird uma configuragdo diferente do equilibrio termod-
indmico e manter-se-a estdavel enquanto a luz de bombeamento persistir. Nessa
situacdo derivamos a nova susceptibilidade eletronica a que um segundo pulso de
teste ira estar sujeito. A partir da susceptibilidade calculamos a relagdo de dispersao
dos plasmoes, a qual se revela fortemente anisotropica. Finalmente encontramos
formulas semianaliticas para a susceptibilitade, condutividade 6ptica e relagdo de
dispersdo do plasmdo que dependem da intensidade, frequéncia e polariza¢do do
bombeamento.

Seguidamente tratamos o problema de excitdes em monocamadas de dicalcogene-
tos de metais de transi¢do. A partir das equag¢des semicondutoras de Bloch deduz-
imos a equagdo de Bethe-Salpeter. As solugdes da parte homogenea correspondem
as fungdes de onda dos excitdes e as suas energias. A partir da solu¢do da parte ndo
homogénea podemos calcular as propriedades dpticas. E utilizado o Hamiltoniano
de Dirac em 2D com um termo de massa para tratar dos excitdes no ponto K da zona
de Brillouin. Para o ponto I' utilizamos o modelo de tight-binding de trés bandas
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e um cut-off no espago dos momentos que permite que a fun¢do de onda seja de-
composta numa série de Fourier. A condutividade 6ptica de MoSz, MoSesz, WS, e
WSe, é obtida e comparada com dados experimentais. Também deduzimos a for-
mula de Elliot para o caso bidimensional: uma equac¢do analitica atil para se obter a
condutividade dptica devida as contribui¢oes dos excitdes.

Ap0s estudar dois problemas microscopicos, voltamos a nossa atengdo para um
problema macroscépico: a passagem de luz por uma superrede desordenada de dielétri-
cos alternados com folhas de grafeno. A presenga de desordem tem como conse-
quéncia o aparecimento da localizagdo de Anderson. Em sistemas unidimension-
ais a localiza¢do de Anderson é caracterizada pelo comprimento de localizacdo, que
pode ser obtido a partir do expoente de Lyapunov. E utilizado o formalismo da ma-
triz de transferéncia para se calcular numericamente o comprimento de localizagdo.
Também obtemos uma aproximagdo analitica para desordem fraca que coincide com
o calculo numérico. Também é estudado a propagagdo de luz na forma de modos
evanescentes sustentados pela presenca de grafeno.
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ABSTRACT

Photonics of graphene and other two-dimensional materials
heterostructures

This thesis describes the interaction of light with two-dimensional materials. It starts
with a revision of the state of the art of the physics of two-dimensional materials. We
focus on the most promising materials used in nanophotonics: graphene, monolay-
ers of transition metal dichalcogenides, and hexagonal boron nitride. The optical
properties of these materials and their quasiparticles/collective modes are discussed.
They encompass plasmons, phonons, excitons, and polaritons.

The first objective of this thesis is to describe microscopically the interaction of
light with the charge carriers in these new two-dimensional materials. To this end,
the formalism of the semiconductor Bloch equations is derived in detail. Further-
more, the suceptibility and the optical conductivity of graphene are derived using
Mermin’s formula. These results are used throughout the thesis.

The Bloch semiconductor equations are first applied to a system consisting of a
sheet of graphene under optical pumping. After a rapid transient period, the elec-
tronic distribution will assume a new configuration different from that in thermody-
namical equilibrium. This new electronic distribution will remain stable while the
pumping radiation persists. In this situation we derive the new electronic susceptibil-
ity that a probe pulse with a different frequency sees. From the suceptibility we cal-
culate the plasmon dispersion relation, that will be strongly anisotropic. Finally we
find semi-analytic formulas for the susceptibility, optical conductivity, and plasmon
dispersion relation that depend on the pump intensity, frequency, and polarization
of the optical pump.

Next, we deal with the problem of excitons in monolayers of transition metals
dichalcogenides. From the semiconductor Bloch equations we derive the Bethe-
Salpeter equation. The solution of the homogeneous part corresponds to the exciton
wavefunctions and their energies. From the solution of the inhomogeneous part we
calculate the optical conductivity. We used the 2D Dirac Hamiltonian with a mass
term to deal with the excitons in the K point of the Brillouin zone. For the I' point
we use the tight-binding model with three bands and a cut-off in the momentum
space that allows to decompose the wavefunction into a Fourier series. The optical
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conductivity of MoSs, MoSe2, WSo, and WSes is obtained and compared with the
experimental data. We also derive the Elliot formula for the bidimensional case: an
useful analytic equation for the optical conductivity contributions due to the exci-
tons.

After studying two microscopic problems, we turn our attention to a macroscopic
one: the passage of light through a disordered superlattice of dielectrics alternating
with graphene sheets. The presence of disorder implies the onset of Anderson local-
ization. In one-dimensional systems Anderson localization can be characterized by
the localization length, that can be obtained from the Lyapunov exponent. We use
the transfer matrix formalism to numerically calculate the localization length and so
characterize the Anderson localization in those superlattices. Also, we obtain an ana-
lytical approximation for weak disorder that describes the numerical data with a very
good accuracy. In addition it is studied the propagation of light through evanescent
modes sustained by the presence of graphene.
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INTRODUCTION 1

In ancient times, mankind stared at the sun and the stars and associated those pri-
mordial light sources with deities. After controlling the fire, mankind could finally
have its own light source. From rustic bonfires to sophisticated oil lamps, fire was
the only source of light until the advent of the light bulp in the XIX century, that
could finally transform eletricity into light. A long development of experiments and
theories culminated in Maxwell’s equations and the famous Hertz experiment: it
was discovered that light is electromagnetic radiation. From this, fast and exciting
deve-lopments started. The electromagnetic spectrum was fully named and classi-
fied, and now all of it is available to be engineered. Naturally, the way to manipulate
electromagnetic radiation is through materials: from Hertz experiments with brass
to silica optical fibers, the generation, manipulation, and transmission evolved step
by step with material science.

One of the last advancements in the material science was the thinning of layered
crystals, such as graphite, to a single atom thick. It is surprising that such a thin
material can strongly interact with light, but it does. Those new materials led by
graphene are paving a new way to manipulate electromagnetic radiation.

The electromagnetic theory is described by Maxwell’s equations plus constitutive
relations, that describe how the electromagnetic fields interact with matter. In the
early stages of electromagnetism, the constitutive relations were obtained from phe-
nomenological approaches. The theory of the interaction of light with matter was
put into a robust foundation with the development of quantum mechanics, solid
state, and condensed matter physics. As a consequence, we can go from microscopic
models to macroscopic relations between the charges and currents in matter.

This thesis starts with a short revision of two-dimensional materials. It is fol-
lowed by a formal chapter about the semiconductor Bloch equations (SBE). The next
two chapters are a direct application of the SBE, first in non-equilibrium optically
pumped graphene. In the second we consider the effects of the electron-electron
interaction in the optical properties of the monolayers of transition metal dichalco-
genides. Those two applications are microscopic problems: we are interested in ob-



taining the optical conductivity, that is, the relation between the external electric
field and the electronic current. After the study of these two microscopic problems,
we study a macroscopic problem: the passage of light through a disordered photonic
crystal containing graphene layers.

1.1. Qutline

CHAPTER 2: 2D MATERIALS IN A NUTSHELL

Here, we briefly discussed the main 2D materials for the nanophotonics field: graphene, hBN
and transition metal dichalcogenides. They present new and exciting properties. Also shown
is the importance of polaritons in those 2D materials and it is discussed the coupling of light
with some of the intrinsic excitations of those 2D materials: plasmons, excitons and phonons.

CHAPTER 3: SEMICONDUCTOR BLOCH EQUATIONS

In this chapter, the main tool used in the thesis is derived and discussed: the semiconductor-
Bloch equations. With those equations we have a tool for the microscopic description of the
interaction of light with the charge carriers of the 2D materials. The results derived in this
chapter will be used throughout the rest of the thesis.

CHAPTER 4: GRAPHENE PUMP PROBE SYSTEM

In this chapter, the optical properties of graphene under a continuous intense laser are stud-
ied. The laser will drive the system to an out-of-equilibrium state, where the electronic dis-
tribution is no long described by the Fermi-Dirac statistics. We show that this kind of system
possess plasmons that are described by an effective anisotropic Fermi energy.

CHAPTER 5: EXCITONS IN 2D MATERIALS

In this chapter we discuss excitons and their optical properties in monolayers of transition
metal dichalcogenides. The Bethe-Salpeter equation is solved both for the homogeneous and
inhomogeneous cases. In the former we obtain the excitons wave functions and eigenvalues;
as for the latter we calculate the optical conductivity and absorbance.

CHAPTER 6: DISORDER IN PHOTONIC CRYSTALS

We have performed a theoretical investigation of light propagation and Anderson localiza-
tion in one-dimensional disordered superlattices composed of dielectric stacks with graphene
sheets in between. Disorder is introduced either on graphene material parameters (e.g.,
Fermi energy) or on the widths of the dielectric stacks. We find a good analytic approxima-
tion for the localization length of the electromagnetic field in comparison with the numerical
calculations.



2D MATERIALS IN A NUTSHELL

The key concept that will guide all the topics discussed throughout this thesis is the
interaction of light with two-dimensional materials: they have few atoms or even one
atom of thickness. Some of the most promising 2D materials for the nanophotonics
field are discussed in this chapter [3]: the semimetal graphene, the semiconductors
monolayers of transition metal dichalcogenides (TMDCs), and the insulator hexag-
onal boron-nitride (hBN). However, before introducing these materials, we discuss
some condensed matter concepts that are key elements to understand the most im-
portant optical properties of these 2D materials: plasmons, excitons, phonons and
polaritons.

2.1. Quasiparticles and collective excitations

The new class of two-dimensional materials has a rich variety of quasiparticles and
collective modes with which light can strongly interact. These modes have specific
properties, arising from their two dimensional nature, that lead to new and interest-
ing effects and properties [1].

PLASMONS

Plasmons are collective excitations of the electronic liquid in a material [4]. Starting
from the equilibrium state, a deviation of the charge density will generate a restora-
tion force towards equilibrium. Analogously to what happens in an harmonic oscilla-
tor, this restoration force can be characterized by a material dependent frequency wy,.
An external field with the same frequency wy, will couple with the free charge density
of the material: in this case we have the excitation of plasmons. This frequency can
be obtained when the dielectric function of the electron-electron interaction is zero.

2

See Ref. [1] for a review
about 2D materials and
van der Waals
heterostructures and [2]
for an extense list of all
2D materials discovered
until 2014.

The usual description of
plasmons uses the
random phase
approximation (RPA) [4]
to calculate the electronic
susceptibility.



For a dielectric thin sheet
the Coloumb potential is
replaced by the Keldish
potential [6].

The BSE for excitons is
also called the Wannier
equation.

Here we consider that the
2D material lies in the

xy-plane.

The 2D Fourier transform
of the current is defined
as: J(q,w, z) =

[ drdte’ @D 3 (x, 2, 1),
where (r, z) are usual
cylindrical coordinates,
with analogous definition
for the electric field and

the conductivity tensor.

EXcIiToNs

Excitons are bound states of an electron and a hole [5]. They cannot exist in gapless
materials and are a consequence of the Coloumb interaction between electric charges.
Excitons can have a strong coupling with light that is seen in optical experiments as
absorption peaks below the material band gap.

They can be classified by their size: Frenkel excitons [7] have the size comparable
to a single unit cell and as such are better described by an atomistic theory. Wannier
excitons [8] comprises several unit cells and can be described by the solution of the
Bethe-Salpeter equation (BSE)[9]. Excitons in 2D materials will be discussed in detail
in chapter 5.

PHONONS

Phonons are quanta of the lattice crystal vibrations [10]. Those vibrations in 2D
crystals can be both in- and out-of-plane, generating longitudinal and transversal
phonons, respectively. They play important roles in describing different physical
phenomena in all crystals. An interesting property of 2D materials is, as crystalline
membranes, that they can couple to the substrate lattice vibrations [11]. Further in
this chapter is discussed the strong coupling of phonons with light in hBN.

POLARITONS

First discovered in thin metal films, the polaritons are localized electromagnetic
waves coupled with the surface sheet. They are evanescent along the direction per-
pendicular to the material sheet, i.e., the electromagnetic field has a dependence of
the form ¢(q,w, z) o« e "I, where ¢ represents the non-vanishing components of
the electromagnetic field, q is the 2D in-plane wavevector, parallel to the material
sheet and k. is the attenuation constant. Doped graphene and TMDCs can support
surface plasmon-polaritons (SPP). Also TMDCs can support exciton-polaritons in the
visible frequency. Finally, for hBN we have phonon-polaritons in the terahertz and
infrared frequencies and exciton-polaritons in the UV range.

The optical properties of 2D materials in the linear regime can be described by
a two-dimensional conductivity tensor o;;(q,w), with i,j = z,y representing the
directions along the material sheet and z is the direction perpendicular to it. Con-
sidering a planar 2D material parallel to the zy plane and localized at z = 2, the
electric current density J; in this material is given by:

2
Jl(qa W, Z) = Z Uij(cb w)é(z - Z0>Ej (q7 w, Z)7 (2“1)
j=1

with F;(q,w, z) the external elecric field. Those quantities are represented as a 2D
spatial Fourier transform. The optical properties of a system containing a 2D material



can be derived substituing Eq. (2.1) in Maxwell’s equations. This will be the starting
pointing when calculating plasmon-polaritons (see Chapter 4) and light transmis-
sion along a photonic crystal (Chapter 6).

To illustrate some properties of polaritons, we
will describe the simplest case of an isotropic
material without nonlocal effects, 0;;(q,w) =
dijo(w), cladded between two dielectrics whose £,(w)
constants are ¢; and €. This is shown in Fig.
2.1, in this situation the transverse electric mode
(TE) and the transverse magnetic mode (TM) Z £,(w)
can be treated separately. From the boundary
conditions of Maxwell’s equations [12], we have
for the TM wave the following equation that
gives the frequency of the SPP as function of the Figure 2.1.: A 2D material between two
absolute value of the momentum along the prop- dielectrics.
agation direction ¢:

y

— 4+ = +i =0, (2.2)

while for TE waves, we have the following condition:
K1+ Ko —iwpgo(w) = 0. (2.3)

From those equations, we can see that, for positive ¢;, we will only have solution
for the TM mode 2.2 if So(w) < 0 while the TE mode 2.3 has solution if Ro(w) > 0.

One way to characterize polaritons is through the loss function, that is an impor-
tant tool because it can be determined through electron energy loss spectroscopy
(EELS) [15]. It can be defined as minus the imaginary part of the inverse of the dielec-
tric function: L(q,w) = —S {[s(q, w)]fl} or as the imaginary part of the reflection
coefficient [15]:

Lr(g,w) = 3{r(q,w)}, (2.4)
where 7 (g, w) is the reflection coefficient for an eletromagnetic wave with frequency
w and in-plane wavenumber ¢. For a 2D material in vacuum the reflection coefficient
reads [15]:

-t
r(qw) = [1—2i <7Taa(q,w) ﬁ - 1) , (2.5)

where g = €%/4h, a ~ 137! is the fine structure constant, and c is the speed of
light.

In Fig. 2.2 we compare the loss function for different 2D materials. The loss func-
tion allows to probe surface plasmon-polaritons in graphene, exciton-polaritons in
MoS,, and phonon-polaritons in hBN. Those polaritons will be discussed throughout
the chapter.

d;; is the Kronecker delta.

See Refs. [13, 14] for
reviews about polaritons
in 2D materials.



2. 2D MATERIALS IN A NUTSHELL
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Figure 2.2.: Comparison of loss function (2.4) for different 2D materials and TM polarized electromag-
netic field in logarithm scale: In(1+ S7(g,w)). Top panel: Loss function of graphene, the
reflection coefficient is calculated with Eq. (2.5) and the conductivity is obtained through
the Mermin equation (see appendix B for details), parameters: Ep = 0.3 eV, iy = 4
meV, vp = ¢/300. Middle panel: Loss function for monolayer MoS,, the conductivity was
calculated with the same procedure and parameters as presented in chapter 5 and with
the reflection coefficient given by Eq. (2.5). Bottom panel: Loss function for a slab of
hBN with width d = 100 nm and dielectric function given by Eq. (2.10). The reflection
coefficient in this case was calculated using Eq. (2.12).



2.2. Graphene

Graphene is a single layer of graphite, a honeycomb lattice of carbon atoms. It

atracted a huge interest of the scientific community and several reviews about the
synthesis and properties of graphene have been written [16, 17, 18, 19, 20]. The valence
and conduction bands touches at the inequivalents K and K’ points of the Brillouin
zone. The electronic excitations near the K and K’ points are described by a massless

two dimensional Dirac equation and the resulting dispersion relation is linear and
gapless [17].

- 517

E — T=0K
all T=300K al |

H
5| I

|
2 | 2 \

ERO'/UO
30’/0’0

m—

V/’f—'—'—f
2
FI&)/EF
Figure 2.3.: Graphene optical conductivity. On the left(right) panel, we see the real(imaginary) part of

graphene optical conductivity. The strong Drude peak, located at the lower frequencies,

is originated from the intraband transitions. The step behavior at fiw = 2EF corresponds
to the interband transitions.
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In figure 2.3 we show graphene optical conductivity. We have two different regimes,
determined in frequency by the graphene Fermi energy Er. For w < 2EF the opti-
cal conductivity is dominated by the Drude term, with the broadening of the real part
controlled by the relaxation rate v and positive imaginary part. For w > 2Ef the
step transition is controlled both by the temperature and the relaxation rate, and has

a negative imaginary part. Remarkably, graphene conductivy for frequencies above
2EF /h tends to a parameter-free plateaux given by:

e2

00 = 5>

P (2.6)

and with frequencies above 2E /h graphene absorbs 2.3% of incident light [21], which
is surprising high considering that it is an atom thick material.

In graphene at charge
neutrality point, the
Fermi surface shrinks to
the K and K’ points, being
called the Dirac points.

The Fermi energy in
graphene can be
controlled with chemical
or electrostatic doping

[17].



See Appendix B for a
derivation of the optical
conductivity of graphene,
including intraband and
interband terms.

Graphene, as a membrane, is subject to the environment properties. The opti-
cal conductivity can be controlled by an external potential [18], magnetic field [22],
cutting into nanoribbons [23], and deformation [24, 25]. Due to its extraordinary
electronic and optical properties, graphene has emerged as an alternative material
platform for applications in photonics and optoelectronics [26, 27, 28]. A partial and
far from exhaustive list of applications of graphene in photonics include high-speed
photodetectors [29], optical modulators [30], plasmonic devices [31, 32, 33], and ul-
trafast lasers [34].

2.2.1. GRAPHENE SURFACE PLASMON-POLARITONS

In the intraband regime, graphene can support surface plasmon-polaritons (SPP), as
can be seen in Fig. 2.3: the imaginary part of the conductivity for frequencies below
2Er/h is positive and the real part can be neglected in a wide range of frequencies.
The Drude conductivity of graphene reads:

() 4 |Ep|
olw)=——"—0
T hw + ihy

with ~ the relaxation rate of electronic excitations. We have from Eq. 2.7 that the
imaginary part of the conductivity will always be positive in this regime, as can be
seen in Fig. 2.3. If we plug Eq. 2.7 in the TM polariton Eq. 2.2, in the electrostatic
regime, ¢ < w/c, it follows that k1 = ¢/¢; and ko = ¢/=2, and we have the dispersion

relation:
[ 4 Er v
= —q —i= 8
w €1+€2cahq 12, (2.8)

with a ~ 137! the fine structure constant and c the speed of light in vacuum. The
/q dependence is an universal property of any 2D system that can support plasmons
in the long-wavelength regime’. This is the same dispersion relation when calculat-
ing the zero of the RPA dielectric function neglecting interband transitions:

(2.7)

erra(w,q) =1 —V(|q|)xrea(w,q) = 0, (2.9)

with V(|q|) the 2D Fourier transform of the Coulomb potential and xgpa(w, q) the
RPA susceptibility. The loss function is depicted in the top panel of Fig. 2.2, where
the dispersion relation can be inferred. An alternative way to describe plasmons in
graphene, that takes in account nonlocality is using an hydrodynamic model [35, 36].

2.3. Hexagonal boron-nitride

Hexagonal boron-nitride (hBN) has, as it name suggests, an honeycomb lattice sim-
ilar of graphite. In monolayer hBN the sublattice symmetry is broken, with each

'A proof of this statement can be found in chapter 4.
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sublattice containing either only boron or nitrogen atoms. Breaking the sublattice
symmetry implies that hBN will have a bandgap. For the monolayer case the bandgap
is measured to be around = 7 eV [37]. We can analyze the optical properties of few-
layer hBN in two different frequency ranges. At the infrared, the dielectric function
is dominated by phonons[38]. In this region the hBN is a hyperbolic material that
presents birefringence, with a dielectric function given by [39]:

2 2
o WLom ~ YTo,m
Em = €oo,m T €com 5

2.10
wTOm—wQ—iw’ym’ (2.10)

with m =1, ||, wro, /27 = 23.38 THz, wio /27 = 24.88 THz, wro,1 /27 = 41.07
THZ, wLo,L/27r = 48.27 THZ, Eoo,|| = 2.95, €00, = 4.87, "yH/27T =0.12 THZ, "}/J_/27T =
0.15 THz.

100

50

—100——=5 30 40 50

w/2n(THz)

Figure 2.4.: Real part of the dielectric functions of hBN. The shaded area correspond to the type | and
Il Reststrahlen zones [40].

Whenever ¢ | (w)e||(w) < 0, the dielectric function is hyperbolic and guided polari-
tons modes can be achieved. The angle of propagation 6, with respect to the optical
axis is given by [41]:

2 _ _&l(w)
g(w)

At the angles 6, given by Eq. (2.11) we have directional propagation, that means

that the propagation only occurs in the direction given by 6,. Super-resolution can

(tanfy) (2.11)
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See Ref. [52] for a review
about TMDCs.

be achieved if Sk,d ~ 1, where k, is the wavenumber inside the hBN slab at the
direction perpendicular to the hBN sheets and d the slab thickness. Near-field optical
imaging and focusing with hBN was reported in [42], the hybridization of graphene
plasmon-polaritons with hBN phonon-polaritons was studied in [39].

The phonon-polaritons in hBN can be characterized also by the loss function de-
fined in (2.4), the reflection coefficient for a dielectric slab with width d in vacuum
or air is [43]:

rhbn(% w) = rgbn(Qa W) ) (2-12)
where rgbn is the interface air/hbn reflection coefficient [44]:

Re — €1 Ka

— , 2.1
Ke + €1 Kq ( 3)

0 _
Thbn =

where k. = | /sj_%j - i—ﬁqQ and rq = 4/ %22 — ¢2. The loss function (2.4) for phonon-

polaritons in hBN is show in the bottom panel of Fig. 2.2.

At the UV range, the optical properties are dominated by excitons with an opti-
cal gap of around 5.3-6.3 [45, 46, 47]. Other important application of hBN is as an
encapsulating device to enhance the properties of another 2D materials, as it pro-
tects those materials from the environment. For graphene, the electronic mobility
on hBN substrate is more than three times larger in comparison of a SiO; substrate
[48]. For the excitons in TMDCs, the linewidth of photoluminescence at room tem-
perature and on a SiO; substrate is around 50meV, while when encapsulated at hBN
at T' = 4K it is reduced down to 2meV [49, 50].

2.4. Transition metal dichalcogenides

The first synthesis of monolayers of transition metal dichalcogenide was in 2005 [51].
Soon all the combinations of the form MX; with M=Mo, W and X=S, Se, Te were
synthetised. Bulk TMDCs are commonly found in two structural phases and can be
classified according to the stacking order: the trigonal prismatic (2H) has an ABA
stacking while the octahedral (1T) has an ABC stacking. We will draw our attention
to the monolayers from the 2H phase, that has attracted recent attention for its exci-
tonic properties [53]. As it happens in hBN and graphene, the low energy excitations
of 2H monolayers TMDCs are described by a 2D Dirac equation with a mass term
that comes from the breaking of sublattice symmetry as it happens in hBN. They
have a direct band-gap in the two inequivalent K and K’ points of the Brillouin zone
and, as graphene, this can be used for valley dependent physics and devices [54].
More properties of TMDCs are discussed in chapter 5 with a strong focus on the
exciton influence in the optical properties. From the results presented in chapter 5
the loss function (2.4) was calculated and presented in the middle panel of Fig. 2.2.

12



2.5. Final comment

The 2D materials list, given in this chapter, with applications in nanophotonics is not
exhaustive. Another promising materials for 2D nanophotonics, which are missing,
includes phosphorene [55] and topological insulators [56, 57]. An interesting prop-
erty of 2D materials is that they can be stacked to form van der Waals heterostruc-
tures [1]. In this case the material properties can change significantly, e.g., bilayer
graphene has a band gap that depends on the perpendicular electric field [58] and
so is very different from the gapless monolayer graphene. The crystal orientation
between the stacked sheets can also change the material properties. The twisted bi-
layer graphene is very different from the Bernal-stacked bilayer graphene [59, 60].
Alloys of 2D materials can also be another way to engineer their optical properties
[61, 62]. Finally, from a macroscopic view, polaritons modes of different 2D materials
stacked together can also hybridize, e.g., forming plasmon-phonon-polariton in the
graphene/hBN system [39].
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SEMICONDUCTOR BLOCH EQUATIONS

The study of the interaction of light with matter leads to a quantum many-body
Hamiltonian that contains carrier-carrier interaction and carrier-electric field inter-
action terms, therefore implying a complex many-body problem without a viable
exact solution. To quote Paul Dirac [63]:

“The underlying physical laws necessary for the mathematical theory of a large
part of physics and the whole of chemistry are thus completely known, and the
difficulty is only that the exact application of these laws leads to equations much
too complicated to be soluble. It therefore becomes desirable that approximate
practical methods of applying quantum mechanics should be developed, which
can lead to an explanation of the main features of complex atomic systems with-
out too much computation.”

To procceed further in the description of the many-body problem, several approachs
and approximations were developed since the birth of quantum mechanics. Here we
revisit the theory of the semiconductor Bloch equations (SBE), an approach to deal
with the many-body problem for an electron gas in presence of an external electric
field. The formalism developed in this chapter will be used in the next two chapters.
It can be also used to derive graphene optical conductivity, that is a necessary ingredi-
ent in chapter 6 to study the transmission of light through a superlattice containing
graphene layers.

The SBE started as an analogy to Bloch’s work in nuclear spins [64]. Those ideas
were applied by Haken developments off laser theory [65] and further developed in
Stahl’s paper on band-edge of semiconductors [66]. Haug et al. [67] used similar
equations to study nonlinearities in semiconductors. Finally, the work of Lindberg
and Koch [68] generalized the optical Bloch equations to include many-body effects
that takes in account phase-space filling, excitonic effects and renormalization of
the band gap. Those equations became an important tool to study semiconductor
optical properties and is presented in several textbooks [69, 70, 71]. For example, it
was used to study the optical properties of quantum wells [72], quantum dots [73],
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We will use a second
quantization notation
through all this chapter
and also in chapters 4

and s.

We suppose that the
system posses discret or
continuous translational
symmetry, in the first
case k is the crystal
wavenumber while in the
latter it is the

wavenumber.

The condition q # 0
comes from the exact
compensantion between
the term with q = 0 and
the charged background

of ions [69].

and graphene [74, 75].

3.1. Formalism

In this section we formulate the SBE starting from a Hamiltonian that is composed

of three parts: a one-body Hamiltonian that describes an independent particle Ho,

the carrier-light interaction H and the electron-electron interaction Hee.

f{ = IA{O + ﬁ[ + I:Iee- (3~1)

Let G (t) be the annihilation operator written in the basis that diagonalizes Hj
in the Heisenberg picture. In this picture we can write:

Hy = Z Byl (H)ak(t), (3-2)

kA

where ) labels the band, k is the wavenumber and Fy the corresponding eigenvalue
of Hy. The creation and annihilation operators obey the anticommutation relation:

{&;11{1 (t)7 d>\2k2 (t)} = 5k1,k2 5)\17)\2 . (33)

The dipole energy term, written classicaly as —&-d [76], with d the dipole moment
and & the electric field, act as an one-body operator and can be written as:

f[ Z &(q,t)

>\17>\27k a

gktakat

Ao @ k+q(t)d>\2k(t)7 (34)

with q the photon wavenumber, A;, A2 the band indexes, and d +q’ is the dipole

matrix element. This is a general expression and can be obtalned decomposing a
generic one-body operator into a complete basis of the corresponding Fock space.
The electron-electron interaction is a two-body operator:

~ e
Hee = _% Z Z V(‘q’)FM,)\z,)\:‘s,M(k’ k/7q)><
A1,A2,A3,M1 k,K/,q#0

AT

XA)\ k' —q (t)&;3 k+q (t)an, k (t)&M K (t), 3.5)

with V(|q|) the 2D Fourier transform of the electron-electron potential, iq is the
exchanged momentum and S is the system area/volume. Finally, F\, x, »,.x,(k, q) is
the overlap of the eigenfunctions of Hy (see 3.A):

F/\1,)\2,>\3,/\4 (kv k/) q) = <)\1k/ - q|)‘2k/><)‘3k + q|)‘4k> (36)

16



3.1.1. DENSITY MATRIX OPERATOR

The density matrix operator of Hj states can be defined as:

AN “ki,k
pt) = Z p)i)é (t), (3.7)
A1, A2,k ke
with the reduced density matrix operator given by:
ki ko o\ .
Paine () = @), (Darasa (1) (8)

First we note that any one-body operator © can be written in terms of the density
operator(3.7) [4]:

® ki k ki,ka ~ki,k
(O)) = Z (9,\119\22“)\11{1( Jan,k, (t) = Z @)\11 A;P,\i )é (t), 3.9)
A1,A2,k1,ko A1,A2,k1,ko
with
@i?}\(; = (Aki1]|Og[A2ks), (3.10)

calculated in terms of the eigenfunctions of Hy and Og written in the Schrodinger
picture. The expectation value, if © is an observable, is simply given by:

(O(1))

The goal now is to calculate the Heisenberg equation of motion for the reduced
density operator (3.8):

— Tr[Osp(1)) Gn)

0. A5 00, G2)

as we will see, this equation gives rises to a hierarchy problem. If it was viable to
obtain an exact solution of (3.12), it would be totally equivalent of solving the tra-
ditional Schrédinger equation. The task now is to compute each commutator that
appears in the right hand side of Eq. (3.12), this is done in the next section.

3.1.2. OBTAINING AN EXPLICIT FORM FOR THE EQUATION OF MOTION

From now on, to obtain quick results, we use a very simple notation:

ay x, (1) =1, a;hkl (t)=1T. (3.13)

We use the results:
374,172) = 64,1372 — G314, (3.14a)
374756, 172] = 016374752 — 615374762 + 624173752 — G,3174756, (3.14b)

17

This equation cannot be
confused with the
von-Neumann equation.
The difference is i) for the
von-Neumann equation,
the density operator is
written in terms of the
creation and annihilatin
operators of the total
Hamiltonian and ii) they
are written in the
Schrodinger picture while
we consider here for the
SBE the Heisenberg
picture.

These results are
obtained using the
anticommutation
relation of the creation
and annihilation
operators: {11,2} = 615,
{1,2} =0



with this notation we can rewrite the Hamiltonians (3.2), (3.4), and (3.5) as:

Hy = ZE33T3, (3.15a)
3

Hy = ) d3'4, (3.15b)
34
1

Hee = 5 Vaise3'4'56, (3150)
3456

where we defined when necessary k; = k + q to simplify the notation and:

1

dys = —g8(ks —ka,t) -y, (3.16)
e
Vigga = —EV(lkz —k3|) Fxy aunons (ks  ka, ko — K3)Oky— kg ky—ky - (3.17)

We have that the reduced density matrix (3.8) in this new notation is simply p12 =
172. The commutators of the equation of motion (3.12), using (3.14), result:

[Ho, p12] = (E1 — E2)p12, (3.18a)
[Hr, p12] = Z(d31P32 — dazp13), (3.18b)
3
R 1
[Hee: pr12] = 5 > (Vaas1 — Vauis)314752 + (Vigss — Vausy) 174153, (3.18¢)
345

the commutators (3.18a) and (3.18b) only depend on the density matrix: after all,
they are only one-body operators. However, the electron-electron interaction gives
rise to a two-body operator. Thus, to proceed in an exact way, we need to write
the equation of motion for the two-body density matrix operator 11234, and as we
calculate the commutators for this operator, it will appear in the electron-electron
commutator a three-body operator, and so on. It is an infinite hierarchy problem.
Therefore, to find a closed set of equations, it is necessary to truncate at some point.
Here we will stop at the simplest level that takes in account the electron-electron
interaction in a non-trivial way: using the random phase approximation (RPA), we
can write the expectation value of the two-body density matrix operator as the sum
of the corresponding one-body ones:

(172734) ~ (213)(174) — (274)(173). (3.19)

Here we can draw a parallel with the Hartree-Fock approximation. The first term
in the right hand side of Eq. (3.19) is equivalent to the Hartree term while the second
term is analogous to the Fock term.
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Therefore, with the RPA (3.19), Eq. (3.18c) can be written approximately as:

. 1
([Hee, p12]) ~ 5 > (Vaust — Vaurs) (pasps2 — pazpss) + (Vazss — Vaass) (pasp1s — paspis),
345
(3.20)
this term can be further simplified using the property: V1934 = V5143, and after some
algebra we obtain:

([Hee pr2l) = > (Vaass — Vaars)paspsz + (Vazsa — Vaass)paspis, (3.21)
345

and the equation of motion (3.12), using Egs. (3.18) and (3.21), becomes:

d
<_1hdt —FE + Eg) p12 = Zg:(d31p32 — dazp13) +

+3 (Vaass — Vaas)paspsz + (Vizss — Vaass)paspis, (3.22)
345

this is a set of integro-differential coupled equations for all matrix elements of the
expectation value of the density matrix operator. The integral part is in respect to
the wavevector and the differential is in time. This equation can be further simpli-
fied depending on the system properties and symmetries. We also note that in this
procedure it is very easy to obtain the equation of motion when we add more terms
in the Hamiltonian (for example, electron-phonon interaction). Also to deal with a
system without translational symmetry, we can use Eq. (3.22) without the (implicit)
wavenumber labels, only the band ones. In the next sections we will assume that the
electric field is homogeneous over all the sample:

&(q,t) = &(t)Sdq,0- (3.23)

3.1.3. HOMOGENEOUS ELECTRIC FIELD

If the electric field impinging on the material is homogeneous (no spatial depen-
dence), Eq. (3.22) can be simplified as a consequence of momentum conservation.
Firstly, we only need the terms of the density matrix diagonal in momentum. We
now go back to the old notation. The conservation of momentum implies that we
only need to consider the matrix elements with k; = ks, so we can write:

kik kik
P12 = Py, = <“§1 1, Mo kz) = Py xs Ok, ko (3.24)

now we make k; = ko = k. The first summation on the right hand side of Eq. (3.22)
can be written after simplifying the delta-function in (3.23) as:

Kk kk Kk kk
Z(d31p32 — dazprs) = Zd)\i’;)\l Prsra ~ d>\2,)\3p>\17>\3 ) (3.25)
3
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The second summation in Eq. (3.23) leads to a more complicated calculation. The
first term inside the summation is:

> (Vaass — Vaais)pasps2 = — g Z D V(s — K1) Fagaagns (Ko k kg — ka)—
345 )\3)\4>\5 ky

ka,k
—Vi(ks = ka) Fagagagn (k ke, kg — k)] P)\i>\4p>\3 Ay’
(3.26)
where we used Eq. (3.17). However, in the electron-electron Hamiltonian (3.5) the
term with V(q = 0) is not included in the sum. Therefore as the potential in the

first element inside the brackets of (3.26) depends on k4 — k4 = 0, its contribution
is null. Making k4 = k + q we have:

e
(Vaas1 — Vaais)pasps2 = = »  V(|d]) Fagasaan (k k4 g, q)py ket lok
S

Prips  Prsper
345 q#0 AsAaAs
(3.27)
For the second element of the second summation of (3.22), we obtain:
Z(‘Q253—V2453)p45p13 =—— ZV (la]) Z Fyiasaons (k+a, k, Q)ijg’kmpl;lk&
345 A3Aads
(3.28)

where to simplify the notation we defined the overlapping function F' (3.6) with two
wavenumber arguments as:

Fyiaonsn (K1, k2) = P oaga (ki ko ko — ki) = (Aka|Aoka) (Aska|M\ky).  (3.29)
We used the relation
Frasazns (k +q, k) =

Fxoxsagns (k7 k +q).

Now putting together Egs. (3.27) and (3.28) we have:

> (Va1 — Vaars) (pasps2 — pazpss) + (Vazss — Vauss) (paspis — paspis) =

345
e k+q,k+ k k k. k
_g Z V(|q|) Z IO)\4,§\15 4 Z F)\z)\5>\4>\3 (ka k + q)p)\h,\3 - F/\3>\5)\4)\1 (k> k + q)p)\g Ao*
q;éO A5 A3

(3.30)
Using now Egs.(3.25) and (3.30) into (3.22) we obtain the set of equations:

L d K,k Kk kk Kk kk
<_1hdt — E)\lk + E/\2k> Pxixe — 6(t) ’ Z [dAz,AspM,/\s B d)\3>\1p>\3)\2} o
A3

€ k+q,k
3 Z V(lal) Z P}Il d Z Fxaxsaans (K k+ CI)P)\I xs — Eaadsaan (k. k+ q)P,\3 Ao
q;éD A5 A3
(3.31)
this result is a generalization of the SBE obtained for a two-band system, such as the
one presented in [68], and similarly for the multi-subband Bloch equations presented
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in [69]. From now on we will consider the SBE for a non-interacting electron gas in
graphene (Sec. 3.2 and Chapter 4) before studying interacting electrons in TMDCs
(Sec. 3.3 and Chapter 5).

3.2. Non-interacting Bloch equations

We now calculate the optical response of graphene using the two-band tight-binding
Hamiltonian that originates from the p. orbitals of the carbon atoms. The results
obtained in this section will be used in chapter 4 to study the optical properties of
graphene with a non-equilibrium distribution function. We will neglect electron-
electron interaction. Also, we consider an electric field E that is homogeneous over

the entire sample and the dipole operator being given by d = —eR, with e > 0 the
magnitude of the electron charge, so the total Hamiltonian reads

H=H+e8 R, (3-32)
where Hj is the nearest neighbor tight-binding Hamiltonian (A.1):
= Z 1B &Rn bR, +s, + hc., (3-33)

i\n

and where R, is the lattice vector of the unit cell with label n, and 6;, ¢ = 1,2, 3,
are the three possible basis vectors, and ¢1p is the hopping parameter. We have
aRn (b R+ 51_) as the creation operator at the sublattice A(B) and the orbital located
at the position R, (R,, + 9;). To proceed further, we need the diagonalized version
of Hy, which is also obtained in Appendix A, and reads:

iy =" Fic (eox — dlc) -
k

(3:34)

where ¢, (dy) is the annihilation operator of the conduction (valence) band and Fy
the energy eigenvalue, see Egs. (A.4).

Here we are considering a homogeneous electric field, whose 2D Fourier transform
is 89(q) and so we only need to consider the terms of the density matrix with k; = k.
To simplify the notation, as we only have two bands, we define A = ¢, v, where ¢ (v)
stands for conduction (valence) band. We write the density matrix elements as:

fex(t) = & ()ex(t) = k), (3-35)
Mo (t) = d ()dic(t) = plok(2), (3-35b)
Peok(t) = el (D)dw(t) = pKX(L), (3.350)
Puex(t) = df(t)ew(t) = pXX(t), (3.35d)
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and from now on the time dependence will not be shown explicitly.
The position operator is given by R = R4 + R p, where:

Ra=) Ryih ar,. (3.36a)
n

Rp =) (Rn+01)bh s 0R, 46 (3.36b)

n

In Appendix A we rewrite the position operator R in the basis (A.4) that diagonal-
izes the Hamiltonian Hj (3.33), in which it results:

VkOk , . .
k2 K (pcv,k + pvqk) ) (337)

R= Z iVi (Nex + o x) +
K

the iV (7 k + 71, k) term takes in account the intraband transitions and it is negligi-
ble at optical frequencies. The second term in the right hand side of Eq. (3.37) takes
in account interband transitions.

For the purpose of the next chapter, we are interested in the effects of an UV inci-
dent electromagnetic field. In this regime, the intraband transitions will be negligi-
ble, so we approximate the position operator to its interband part:

5 VO . .
R ~ Z 9 (pcv,k + pvc,k) ) (338)
k

and we identify the interband matrix elements as:

VkOk

kk _ kk __
Rcv - va - 9

(3:39)

In the basis that diagonalizes Hy we can use the result obtained in the previous
section (3.22):

. k.k kk kk kk kk
[—ihdy — Exgc+ Ex ] o (t) = e8(t) - Y (RA/’Alp,\’Al () = R\ xn (ﬂ) - (3.40)
A1
Before advancing further, we introduce a phenomenological relaxation term in Eq.

(3-40):

. k. k kk kk kk kk
(=10, ~ Base+ Bxead o500 = e8(0) -3 (RIS ol () — RS, o5, (0) +
A1
Hihyan (Pi’b(t) - 5/\)\’f>\,k) ,
(3.41)
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where f) k is the Fermi-Dirac distribution and v, is the relaxation rate for a tran-
sition between bands A and ). This is another advantage of the SBE formalism: we
do not need to use the finite temperature formalism (e.g. Matsubara’s frequencies)
to include thermodynamic properties. The added term forces the system to relax
to the thermodynamic equilibrium, i.e., the diagonal elements of the density-matrix
are the electronic distribution and thus in equilibrium are given by the Fermi-Dirac
function. The non-diagonal elements are interband amplitudes and thus vanish in a
system in equilibrium.

As we will see in the next chapter, the relaxation term v,y plays a central role in
the optical properties of the system under pumping. We will consider from now on
that the relaxation term has different values for interband and intraband transitions:
Yee = Yov = Yo and Yey = Yue = Yp. Using the explicit value of R (3.38) in Eq. (3.41)
we obtain the set of equations for the interband components:

_,eé’ - VkOk

(=0 +iwk — Vp) Pev k() = i (nex(t) —nyx(t)), (3.42a)
) .e8 - ViOy
(=0 — iwg — 'Yp) pvc,k(t) = _IT (nv,k(t) - nc,k(t)) ) (3.42b)

where hwy, = 2E), and for the intraband ones:

Omeslt) = 20 (eset) — Fesd) — 10 (o (1)~ puck(t)) . (.439)
~Omselt) = 70 0uset) ~ Fo) ~ 15O (1)~ peoil1)), (3.43D)

those equations will be further studied in chapter 4.

3.3. Including the electron-electron interaction: two-band
system

In the previous section, the effects of the electron-electron interactions are encoded
partially in a phenomenological way through the introduction of relaxations rates in
the graphene Bloch equations. This procedure has the effect of broading the peaks
and the sharps transitions of the optical conductivity. However, the simplicity has
its price and numerous optical processes cannot be described without introducing
electron-electron interactions, for example, excitonic effects.

Here we will particularize Eq. (3.31) for a two-band system. This procedure will be
very useful for the purpose of Chapter 5. The extra considerations that we will do are
the following: i) the system can be well described by a two-band model and ii) the
intraband elements of the dipole Hamiltonian can be neglected. From i), for a matter
of simplicity, we will label the two bands with A = +, with + the conduction band
and — the valence band. This labeling is useful as A and — A refers to the two different
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possibilities, in this case the expectation values of the elements of the density matrix
(3.24) can be written as:

na(k, 1) = pXX(t), palk,t) = p, (1) (3-44)

The dipole Hamiltonian (3.4) for a two-band system neglecting intraband terms
and with a homogeneous electric field is given by:

Hy=—8(t)- Y dyE pak, ), (3.45)
Ak

and we rewrite Eq. (3.31) as:

. d e -
(<0 gy — 7ty ) #555, = 600 90,000 + § 3 VllaDEn @k Gao)
q7#0

where we defined hc,uﬁ‘2 = F; — BEs and:

_ k.k k k kk k,k
Vi (k) = Z [d)\zyksph,)\s o d>\37)\1p)\37)\2} ’ (3.47)
A3

and the term originating from the electron-electron interaction is defined as:

= _ k+qk+ Kk kk
Ena(a k)= ) pyxiitd [F/\3/\5>\4)\1(kak+ A)Pxin, — Prorsaons (K k+a)py '\ |-
Ashads

(3-48)

The term V), ,(k), (3.47) that originates from the dipole Hamiltonian, can be
written as

kk  kk kk  kk

Vi (k) = d>\27_>\2 Pri,—xo d_>\1 AP0 (3-49)

where we only take in account interband matrix elements of the dipole Hamiltonian.
For the equation of motion of n) (k,t), we need \; = Ay = A:

Vaalk) = d¥ pa(k, 1) — dX poa(k, 1), (3-50)

and for py (k, t):
Ura(k) = a5, (na(k,t) —noa(k, 1)) . (3-51)
Now we turn our attention for the electron-electron term (3.48) of the SBE (3.31).
Here we consider the case when \; = Ay = A, that corresponds to the equation of
motion for the diagonal part of the density matrix, and A\; = —\2 = A corresponds

to the term inside the equation of motion for the off diagonal elements. For the first
case:

Exa(a, k) =2iS {p_a(k,t) [pa(k + q,t) F_yx_on(k, k +q)+
+F ooank k+aqpak+q,t) + nak +q,t) Foon(k, k+q)+
+n_y(k+q,t)Forx_x_an(k,k+q)]}, (3-52)
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and for the off diagonal A\; = —X2 = A we find:

E)\,—)\(qa k) = Z Z Xi,)\l (qa k)> (353)

i=1,2,34 A\

where:

Xy (a,k) = —pa(k, t)ny, (k — g, t) [F—,\Alxl—x(k, k—q) - Fuook k- Q)} ,

(3.542)
X3 (@ k) = =pa, (k — q, ) Foxx o (k, k — q)Any(k, 1), (3.54b)
X35, (0, K) = —pa(k, p, (k= @, 6)[Foaan (o k — @) = Boaon(ok—a)l,
(3.54¢)
X (a,k) = ny, (k= aq, ) Foaa(k, k — @) Any (k, 1), (3.54d)

where the difference in occupations reads Anj (k,t) = nx(k,t) — n_x(k, ).
Finally, we need to substitute (3.50) and (3.52) into (3.46) to obtain the equation
of motion for ny, and (3.51), and (3.53) to obtain the equation of motion for p):

—i0pa(k,t) = (@xk + Wi (1)) pa(k, t) + (U (t) + Dia(t)) Ana(k,t),  (3.55)

= otk ) = 23 [ (Ua(t) + Dia (1)) pati )] (:56)

where the transition energy (also denoted bare optical band ahead) is fiwyk = E) x—
E_ ) k and the renormalized Rabi frequency Q (t) reads:

W (k, 1) = 8(t) - AN + Braa (t), (3.57)

and depends on the dipole moment, the electric field, and the excitonic correction
Bx(t). The different terms that appear in equations (3.55) and (3.57) are classified
as:

+ Excitonic Rabi frequency renormalization:

e
ng)\(t) = _g Z V(|k - q|) |:p)\(qa t)F/\’)\’)\)\(ka q) + Py (qa t)F)\//\/\’)\(k7 q) )
q

(3.58)
and where in this expression we have the constraint \’ = —\, S is the area of
the system, and F, x, x; 1, (K1, k2) is defined in equation (3.29)

* Renormalized transition energy (or interacting optical band):
hiozxk = Ex g — E_x i + AXEy, (3.59)

25



where the exchange self-energy is:

c e
) = o > Vi(gna, (k+ a,t) [Faxaa(k k+ @) — Faaan (k k+ )],

q,A1
(3.60)
and where in this expression we have the constraint A’ = —\. This form of the
exchange self-energy is the same we find in the jelium model, except for the
non-trivial four-body structure factor Fi, x,xqx, (k, k — q).

« Non-linear contribution:

Wi (t) = —% ZV(’k—QDP,\l(%t) (Fxaax (k@) = Faaga(k,a)), (3.61)

g1
where in this expression ' = —\, \] = —\;.
* Density term:
Dir(t) = —% 3" V(g)na, (k+ a4, ) Pk k + q). (3.62)

ai1

Now we neglect the density Dy (¢) and the non-linear ¥ (¢) contributions, as we
are essentially focused on the exchange self-energy and excitonic effects to the linear
We neglect the  response. We also consider that the system is in thermodynamic equilibrium, where

non'linezr te)rthkA (;) the electronic distribution n, (k, t) is given by the Fermi-Dirac distribution function
3.61) that only .
contributes to Frae

1
second-harmonic and o . Exx — Ep
higher frequency terms, na(k,t) = fax = [1 + exp <I€BT>} . (3.63)

and the density term
Dix(t) that contributes  The latter approximation is valid in the linear regime (weak external electric fields).

indirectly to the linear  In this case the SBE become:
response through

equation (3.50). — 10ipa(k, 1) = Dxepa(k, ) + D (DA (K), (3.64)

this equation will be discussed in detail in chapter (5), where we show how to obtain
and solve the corresponding Bethe-Salpeter equation, showing the influence of the
excitonic effects on the optical properties of TMDCs.

3.A. Electron-electron interaction
Here we show how to obtain the electron-electron interaction in a second quantized

form. In this chapter we are dealing with systems that have a discrete or continuous
translational symmetry, with k labeling the corresponding quantum number. Here
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we will find the expression for the electron-electron interaction in second quantiza-
tion for a system with discrete translational symmetry, however the demonstration
for a system with continuous translational symmetry would be very similar.

Let V(Jr1 — r2|) be the interparticle potential, the second quantized form of a
operator can be written using the field operator [4]:

H,, = —;/drl /drg i (e, )T (ra, )V (Jr1 — r2])ib(ra, )0 (r1, t), (3.65)

where the field operator is defined as:

1

P(r,t) = Yy

5

> bra(r)anc(t), (3.66)
kA

with S, the unit cell area/volume, N, the number of unit cells and ¢ »(r) are the
eigenfunctions in the same basis that the operators ak(t) are written. Those func-
tions are normalized as:

/dr ¢L1,A1(P)¢k2,x(rz) = S0k ko Orp Ao (3.67)

where N, is the number of unit cells.
For a system with discrete symmetry the eigenfunctions ¢, (k) can be written using
the Bloch theorem: .
gbk’)\(r) = elk'ruAk (I‘), (3.68)
with uyk(r) = uyk(r + R) obeying periodic conditions, where R is a lattice vector.
We also use the normalization condition:

/ dr u)\lk(r)u)\gk(r) — SC5A1,A2> (369)
u.c.

where the integration is over the unit cell.
The discret Fourier transform of the potential V' (r) is given by:

dr iq-r
Vilal) = [ G @V () (3.70)
where d is the number of dimensions, with the inverse:
1 —iq-r
V)= 3 e V(). G7)
¢ q€1°B.Z.

expanding the field operators in Eq. (3.65) using (3.66) and (3.68) we obtain:

=g V) 3 30 [ [antane e ndCarin,
¢7¢ q A1d2 A3y kikoksky

%[l e, (01 (1)) [ 1 (r2)uraes (72) | 881, (D], (D ey (Dinara (0.

(3.72)
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We transform the integral
over all the space for one
over the first unit cell only.

We also use the result:

/drlei(q+k2—k1)~r1 |:uT/\1k1 (rl)u)\zkz (r1)1| =

= Z/ ei(q+k2—k1)-(r1+R)u§1k1(rl + R)up,k, (r1 + R)
R u.c.

:Zei(q+k2—k1)~(R)/ dl’1ei(q+k2_k1)'(r1)ui\1kl(P1)U,\2k2(rl)
R u.c.

(3.73)

however: _
Z el(q+k2_k1).R = Nc(skl,q+k2a (374)
R

where N, is the number of unit cells and S = N.S,, with an analogous result for the
term that contains the indexes 3, 4, and we define:

1
FA1A2A3A4(k,k',Q)=Sc[ / dr1u§1k+q<r1>um<rl>] [ | e et

(3.75)
we will have:

N e

Hee:_

ST S VA Faasasn (kK @)al oo (0] 1 q(0)ana)arie (b),
€ XMA2A3hg kk/g

(3.76)

for a system with a continuous symmetry the demonstration follows the same steps,
and the S, factor is replaced by the total volume/area of the system S. Another way
to see this is to take the limit of an infinitely large unit cell.
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(GRAPHENE PUMP-PROBE SYSTEMS

4.1. Introduction

Light matter interaction at low energies occurs due to the interaction of electromag-
netic radiation with weakly bound electrons in a material. The electron gas in a
conductor is a well known form of weakly bound electrons which couple to electro-
magnetic radiation. Usually, we assume that the electron gas is in equilibrium and
that the external perturbation is small, in which case the response of the gas can be
computed in terms of its equilibrium properties —linear response theory. The situa-
tion is markedly different when a high-intensity electromagnetic radiation interacts
with an electron gas driving it to an out-of-equilibrium regime. In this case the re-
sponse of the system depends on intensity of incoming radiation and on the orienta-
tion of its polarization relatively to the real space lattice of the crystal. Moreover the
distribution function of the electron gas occupancy is no longer a Fermi-Dirac distri-
bution. It is this situation that will be studied in this chapter. Here we consider an
intense pumping electromagnetic field interacting with the weakly bound electrons
in graphene thus generating an out-of-equilibrium gas. The pumping is followed
by a weak-probe electromagnetic-field, of frequency much smaller than that of the
pumping field, which probes the out-of-equilibrium plasma created by the pumping.
The physics of this process is depicted in Fig. 4.1.

Pumping graphene with electromagnetic radiation is a possible tool to study the
dynamics of the charge carriers in graphene. In the work of George et al. [77] the
recombination dynamics and carrier relaxation in graphene was studied with tera-
hertz spectroscopy. When electrons in graphene are pumped by an intense light
field pulse, the response is highly anisotropic as was shown in Ref. [78]. After about
1ps of the initial pumping pulse, the photogenerated electrons are described by an
isotropic Fermi-Dirac distribution with a high temperature[79]. The graphene opti-
cal properties under such conditions were studied by Malic et al. [75] and Sun et
al. [80]. The electron dynamics of photo-excited electrons, including the stimulated
electron-hole recombination, was studied by Li et al.[81]. The plasmon dispersion
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relation under a non-equilibrium hot Fermi-Dirac distribution was studied by Page
et al. [82] and experimentally measured by Ni el al. [83]. We note that plasmons
in graphene also offer a possible decay channel to cool down the hot electron gas
[84]. The optical conductivity of doped and gapped graphene taking into account a
non-equilibrium distribution and interband processes was studied theoretically by
Singh et al.[85]. All these studies where made in a regime where the validity of the
Dirac cone approximation holds, that is, the pumping field has a frequency in the
IR/Vis region of the electromagnetic spectrum.

Figure 4.1.: This figure represents the physical situation we are considering in this chapter: a possibly
doped graphene is driven out-of-equilibrium by an electric field of frequency w, that creates
an electron gas around the M-point in the Brillouin zone. The created plasma is then
probed by a field of frequency w < wp. We note that the mechanism we are discussing
does not require an initially doped graphene, that is, we can have Er = 0. Also note that
the electronic spectrum at the M-point has a saddle-like nature (in the drawing only the
steepest descent direction is shown). The probe field allows the excitation of an electron,
belonging to the out-of-equilibrium gas, to higher energies.

For a pulsed laser beam with a pulse duration much larger than 1 ps —the case we
will consider in this work—, the carrier distribution will remain anisotropic for the
duration of the pulse. In this case, electron-phonon and electron-electron interac-
tions, as well as the effect of disorder can be encoded into a hot carrier relaxation
rate. Under such conditions the surface plasmon-polariton (SPP) was studied in sys-
tems described by a gapped Dirac equation by Kumar et al.[86], who discussed the
response of the electron gas to a circular polarized light. In this approach, the density
matrix equations of motion are solved to determine the non-equilibrium electronic
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distribution. In this chapter we study the electronic distribution and the plasmon
spectrum of an optically pumped graphene. The material is subjected to a linearly po-
larized light beam, with a frequency that creates an electron gas beyond the regime
where the Dirac approximation holds. This is relevant when graphene is subjected
to UV radiation. In this case, the spectrum is no longer Dirac-like and the full band
structure of the system has to be taken into account. Therefore, this work goes be-
yond that of Anshuman et al.[86] and includes also the regime studied by these
authors.

The plasmons in graphene were first probed in real-space in the studies of Fei et al.
[87] and Chen etal. [88]. In the work [83] the plasmons in graphene are generated by
an infrared beam focused in the metalized tip of an atomic force microscope, after
a first pumping pulse of electromagnetic radiation. The tip is also used to detect
the plasmons that propagate along the graphene surface and after reflection in the
sample edges standing waves are produced. This kind of experiment can be used to
detect the plasmons discussed in the present chapter using a pulsed laser in the UV
range (pulse duration much larger than 1 ps) for pumping the electrons in graphene.
Due to excitonic effects[89] the position of the maximum of absorption associated to
inter-band transitions at the M —point is reduced from 5.4 eV (independent-electron
result) to about ~ 4.6 eV (A ~ 270 nm), a wavelength for which there are available
lasers.

Under intense and long times optical excitation, the carrier distribution maintains
a non-equilibrium state and does not follow the Fermi Dirac distribution. The new
electronic distribution has to be calculated using the semiconductor Bloch equation,
with a phenomenological relaxation-term that tends to drive the system towards ther-
mal equilibrium, characterized by a Fermi-Dirac distribution. Since we want to dis-
cuss plasmons in the non-equilibrium electron gas created around the M-point in
the Brillouin zone, we need to describe the m—electrons in graphene using a tight-
binding Hamiltonian. For graphene in the tight-binding approximation, we have
a two-band (valence and conduction) system labeled by the crystal momentum k,
which runs over the full hexagonal Brillouin zone. In our calculations, carrier scat-
tering is accounted for via a relaxation rate. As such, the resulting equations need to
be solved for each point in the first Brillouin zone and different momentum values
are not explicitly coupled.

The chapter is organized as follows: in Sec. 4.2 we write the Bloch equations,
using the result obtained in Sec. 3.2, for the electrons in graphene within the tight-
binding model, which is valid beyond the Dirac cone approximation. We study the
transient response under a pulse laser and obtain analytical expressions for the out-
of-equilibrium electronic distribution. In Sec. 4.3 we obtain the equations to calcu-
late the out-of-equilibrium susceptibility from the new electronic distribution. In
Sec. 4.4 we derive a semi-analytical formula, valid in the long-wavelength regime,
for the susceptibility and in Sec. 4.5 the optical conductivity is obtained in the same
conditions. In section 4.6 we compute numerically the susceptibility of the out-of-
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equilibrium electron gas and obtain results for the plasmon dispersion and the loss
function. In Sec. 4.7 we use the semi-analytical equations for the conductivity ten-
sor to numerically calculate the dispersion relation of the surface plasmon-polariton
and discuss its anisotropic properties. In Sec. 4.8 we provide the general conclusions
of this chapter.

4.2. Non-equilibrium density-matrix and Bloch equation in
the tight-binding approximation

From the previous chapter, we obtained the SBE for a non-interacting electron gas
for graphene considering a tight-binding model with two bands. We assume a time-
dependent and uniform electric field (that is, with null in-plane wave number). Thus
the interaction term in the Hamiltonian does not couple electronic states from dif-
ferent points in the Brillouin zone. Those equations are a system with four unknown
functions that are the matrix elements of the expectation value of the density matrix:
nek (ny k) is the conduction (valence) electronic distribution and p¢, k (pev k) is the
valence to conduction (conduction to valence) transition amplitude.

The equations obtained for the electronic distribution are (3.43) and for the inter-
band transition amplitudes (3.42):

—Onex = Y0 (Mex — fc k) — i (t) Apy, (4.1a)
=0y x = Y0 (Nwk — fox) + i () Apk, (4.1b)
(O — iwg + vp) Pev k = i (t) Any, (4.1¢)

(O + 1wk + V) Poek = —1Qu(t) Any, (4.1d)

where the interband relaxation rate is represented by +, and intraband one by ~o;
also we have hwy = 2Fx, Ank = n¢x — ok, APk = Pevk — Poeks and fe/, i is the
equilibrium Fermi-Distribution for the conduction/valence band. The time depen-
dence of n./, i and p,./c, k has been omitted for simplicity of notation, and finally
the Rabi frequency ) is given by:

eap8 (t) - VkOxk

oF , (4.2)

Qe (t) =

and couples the diagonal to the off-diagonal elements of the density matrix through
the external pumping electric field &(t).

Equations (4.1) are the Bloch equations in graphene[go], with only interband con-
tributions included (note that we want to excite electrons deep in the valence band
to high up in the condution band), and describe the evolution of the electronic dis-
tribution and the rate of interband transitions when an external intense and highly
energetic electric field & is applied. The vector field Vi Oy entering in the Rabi fre-
quency does not depend on the external parameters and is shown in Fig. 4.2. The
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two inequivalents Dirac points are located at the corners of the hexagon in this fig-
ure. Near these points the function Oy becomes the angle between the momentum
k and the z-axis.

—T —7/2 0 /2 T

Figure 4.2.: Plot of the vector field Vi Oy /||VkOx||. This field controls the Rabi frequency and it
can be probed by the polarization of the pumping field. Note that the rotation of the
vector field in the two non-equivalent Dirac points has opposite senses. The red hexagon
represents the first Brillouin zone and the intensity refers to the absolute value of the
vector field Vi O; it is more intense around the Dirac points (brighter spots) and along
the directions connecting two Dirac points and passing through the M—point.

4.2.1. REAL TIME ANALYSIS

We can simplify the set of Egs. (4.1), defined in terms of two real (n.k, n, k) and two
complex (pyck, Pevk) quantities, to three equations involving real quantities only.
We will show that under an intense monochromatic wave, the electronic density can
reach a steady-state.

Using Egs. (C.5) and (C.6), we define the deviation from the equilibrium density
as v(t):

nex(t) = fex + v(t), (4.32)
nv,k(t) = fv,k - Uk(t)v (43b)
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ao is the graphene lattice
parameter.
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Figure 4.3.: Plot of the time evolution of the electronic distribution vk (t) for k = 27 /a0 (3,0), hw, =

2tt, 70 = 300 fs (see Ref. [74] ), which corresponds to 7iyo = 14 meV (see also Ref. [91] ), Ay, = 28
meV, & = 0.5 GV/m, and Er = 0.2 eV. The pumping field is linearly polarized along the z-axis.

and we split the transition rate into real and imaginary parts:

Puek(t) = 2 (t) +iyk(t), (4.4)

where 7y (t) and yk(t) are real and p., x(t) = zk(t) — iyk(t). From Egs. (4.1) (see
Appendix C), we can write:

Tk = —VpTk + Wik, (4.5a)
Uk = —wkTk — Yk + W(t) 2ok + Afx), (4.5b)
Ok = —yovk — 2Qk(t)yk, (4.50)

where the time dependence in z, y and v has been omitted and Afy = f, x — fex.
Also note the different signs in front of vy (¢) in Egs. (4.3).

The set of coupled Egs. (4.5) describes, using three real functions z, y, and v,
both the time evolution of the transition probability and the electronic density in
the reciprocal space. Since we have included the effect of both electron-electron
and electron-phonon interactions using only a constant relaxation rate, there is no
coupling between excitations from different k. Thus, for each point in the Brillouin
zone we can solve Egs. (4.5). In Fig. 4.3 we plot the time evolution of the function
v, for k = 27 /ap(3,0) (that corresponds to the M-point in the Brillouin zone) for a
monochromatic electric field of frequency 7w, = 2t7p (that corresponds to a vertical
transition at the M —points) and intensity &y = 0.5 GV/m (this is a moderate field
intensity), with linear polarization along the x-axis.
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4.2.2. STEADY-STATE SOLUTION

As shown in Fig. 4.3, the electronic distribution converges to a well defined value
which we calculate in Appendix 4.A, when the electric field is given by a monochro-
matic wave with pumping frequency w, and intensity &): € = %goeiwl’t +h.c.. In this
case the steady-state solution for the densities can be written as:

(14 o) fex + axfox

Nek = 1+ 2ax ) (463)
(1 + o) fox + axfex
= ’ ’ .6b
Ny k 1+ 2ak (4 )
and from Eq. (4.3)
Uk = 1+ 200 (fv,k fc,k) ) (4~7)

where «y is given by Eq. (4.40) and vy represents the deviation from the equilib-
rium Fermi-Dirac distribution. It should be noted that the steady state distribution
functions are not given by a Fermi-Dirac distribution, but can be written in terms
of combinations of f.x and f, x. The non-equilibrium distribution depends on the
pumping frequency w,, and on the complex electric field &. For the linear polariza-
tion the electric field can be written as a real quantity that depends on the intensity
of the electric field &y and the angle of polarization 6.

The distribution vy is plotted in Fig. 4.4 for different pumping frequencies wy,
and polarization angles 6 of the pumping field. As the pumping frequency increases,
the electronic distribution departs from the Dirac points (the corners of the blue
hexagon). At 7w, = 2trp, the M-point is populated. For fuw, > 2trp, the electronic
distribution becomes a circle around the I'-point (center of the hexagon). We also
see in this figure the polarization dependence coming from the term VO - &. For
example, although we have three independent M-points, for fuww, = 2trp and 0 =
7/2 only two are populated. We can use Fig. 4.2 to predict, for a given pumping
polarization, what points in the Brillouin zone can be optically populated, noting
that the electric field € and the vector field VO need to be parallel to maximize
the electronic occupation. This anisotropy in the population of the M-points is at
the heart of other anisotropic effects that we will discuss ahead.

4.3. Intraband transitions of the non-equilibrium gas due to
the probe field

The optical response of graphene is determined by intraband and interband transi-
tions [18]. As shown in the previous section, in the steady state the pumping field
changes the electronic distribution and therefore the optical conductivity of the ma-
terial. This quantity is related to the charge-charge correlation function of graphene.
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4. GRAPHENE PUMP-PROBE SYSTEMS
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Figure 4.4.: Plot of the electronic density vk for different values of the pumping frequency w, and

pumping orientation 6 with intensity & = 0.5 GV/m, Er = 0, fiygp = 14 meV, and
hyp = 28 meV. The bright regions in the Brillouin zone depend on the value of w, and
have the orientation dependence of the term VO - &, which in its turn depends on
the polarization angle, 6, of the incident field. Note that for low frequencies (left panels,
wp/tte = 0.1) only momentum values near the Dirac points are excited. On the other
hand, for wy/tte = 2 the brightest spots occur at the M—point. Also note that the
M—points are not all excited at the same time, but depend on the polarization of the
pumping field. This result constrasts with the case where the frequency of the pumping
field pumps electrons to the Dirac cone (left panels). In this case, all the Dirac points are
excited simultaneously.



The charge-charge correlation function can be calculated using the new electronic
distribution obtained in Egs. (4.6) and (4.7), instead of the equilibrium Fermi-Dirac
distribution, as:

2 Pk Mg~k
X((],UU):: T 92 u/p 7 N /q’ (4“8)
g 2 o CrFa— i i

where the factor 2 accounts for the spin degeneracy, n;} is the electronic distribution
given by Eq. (4.6), hwl’: (’1’\ = N Ex — AEx4q is the energy transition, and the overlap
of the eigenfunctions is given by:

1
Ny = 5 [1+ VA cos (O — Onrq)] - (4.9)

Using Eq. (4.3) to split the density into the equilibrium fli/ Y and fluctuation vy
parts, the susceptibility can be decomposed into an equilibrium x((q,w) part, that
is calculated using the equilibrium Fermi-Dirac distribution, and two pumped com-
ponents, one intraband and the other interband, as:

X(qa w) = X0 (qa OJ) + Xi:)?ltrr:llp (qa UJ) + Xi:ﬂltgp (qa w)v (4'10)
where w is the frequency of the probe. The intraband pumped component of the
susceptibility reads

intra 2e / ’k A (Uk+q - Uk) k,q
1°BZ

Xpump (W) = —5 - —N0\ (4.11)
pump had = (2m)2 w — At +1in AA

where hw{(“ga = Ex — Extq. Note that 172 ' is determined by the deviations to the

) pump
Fermi-Dirac distribution: vx;q — vk. The interband component reads as:
2
Xinter (q w) _ 2e / d’k A (Uk—i-g + Uk) Nk7q (4 12)
P hag =" Jreopz (27)7 w — Awpet +in

where hw{:ger = By + Fyxyq.

From now on we consider that w, > w. This will be the case here because we will
consider a probe in the THz range while the pump is in the UV range. From this
consideration we can neglect the interband susceptibility X;‘:}g{p(q, w). This happens
because the numerator of Eq. (4.12) is only non-zero for k in the vicinity of the M-
point (see Fig. 4.4) and so the denominator can be approximated as w — )\w{gg’r =

w =+ wp. This term will be negligible in comparison of Xiﬂfﬁp(q, w) that has in the

denominator a term that can be approximated as w — )\w{fga ~w— AViF\ -q,and

this quantity can be resonant with the probe frequency w depending on q. In other
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words, the interband component of the pumped susceptibility is resonant with the
pumping frequency and the intraband is resonant with the probe frequency.

We now want to introduce the effect of relaxation into the calculation of the charge-
charge susceptibility. This can be done using Mermin’s approach developed for the
3D electron gas[92]. Following Mermin’s work and making the necessary modifica-
tions for the graphene case, the total susceptibility, taking into account relaxation
processes, is given by [15]:

(1+i(rw)™) x(q,w +iv)

T 1+i(rw) x(a,w + i)/x(qw = 0)’ (4.13)

q,w)

where 1/7 = ~ is the relaxation rate. For calculating Mermin’s susceptibility we
need the Lindhard susceptibility x(q,w + i), which needs to be computed for a
complex frequency. In addition we also need the static susceptibility x(q,w = 0).
The dielectric function can be obtained from the suceptibility as [15]:

e(q,w) =1-V(la))x"(q,w), (414)

where V(|q|) = eao/(2¢1,q) is the 2D Fourier transform of the Couloumb potential
and e, = =122 is the effective dielectric constant of the environment for a graphene
clad between two media of dielectric constants €1 and 9. We recall that the term
ap appears in V (|q|) because the wave number ¢ is measured in units of the inverse
lattice parameter a; '

Here we have an apparent disagreement with the rest of the chapter. Mermin’s
equation takes in account only one relaxation rate while we used interband and in-
traband transition rates in the SBE. However, as we neglect the interband contribu-
tions to the susceptibility, we can consider only the intraband transition rate and the
intraband susceptibility: y(q,w + iv) &~ x""(q,w + iv) and v ~ 0.

4.4. Long wavelength limit: anisotropic plasmon dispersion
relation

The calculation of the integral in Eq. (4.11) needs to be done for every different fre-
quence w and wavenumber q. However, as shown in Fig. 4.5, as q decreases the
conductivity reaches the long wavelength limit and we can show that in this regime
the susceptibility in Eq. (4.11) behaves as ¢2. In this limit, the static susceptibility
appearing in the denominator of Eq. (4.13) tends to a constant value when ¢ — 0,
and therefore Eq. (4.13) becomes:

Mg,w) = (1+i(rw) ™) x(q.w +i7). (4.15)

We now split the susceptibility in the right hand side of the Eq. (4.15) in the same
way as we did in Eq. (4.10) —that is in an equilibrium and an out-of-equilibrium
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parts. The equilibrium component x"(q,w) can be approximated by the Drude term
for hiw < 2Ep, where Er is the Fermi energy:

_ deEp ¢
-~ wh2ad (w+iy)?’

doped( (4.16)

X (q, w)
For undoped graphene we have Er = 0 and the Drude contribution vanishes. For
the out-of-equilibrium component, we obtain a similar expression in the long wave-
length limit for the pumped susceptibility using Eq. (4.11) (details of the calculations

are given in Appendix 4.B) in the form:

2

The term in the right hand side of Eq. (4.17) corresponds to the intraband pumped
contribution and can also be written as a quadratic dependence on the modulus of
the wavevector q. This is one of the central results of this chapter with far reaching
implications.

Comparing Eq. (4.17) with the susceptibility of doped graphene in the long wave-
length limit in Eq. (4.16), we can define an effective Fermi energy, that depends on
the polarization angle ¢ of the probe field relative to the graphene lattice, as:

ESf(0) = Ep + fo + fmcos(2¢ + ), (4.18)

where fy, fin, and ¢ depend only on the properties of the pumping field —Epump, 0,
and w,— which are defined in Appendix 4.B. Finally the susceptibility in Eq. (4.15)
can be written as:

e Ef(p)¢®

T2a w(w + i) (4.19)

p,w) =

The plasmon dispersion is obtained from the condition ¢(q,w) = 0 in Eq. (4.14),

leading to:
he .
hw(p, q) = \/Qa;OE%“(w)q - 1%7 (4.20)

where o &~ 1/137 is the fine structure constant of atomic physics. Equation (4.20)
has the same /g dependence as that of plasmons in doped graphene without the
pumping field[93, 15]. The difference lies in the presence of an effective Fermi energy
E¢f() that depends on the direction of the wavevector. Equation (4.20) is one of
the central results of this chapter. Note that the dispersion will be anisotropic, as
the effective Fermi energy depends on the orientation of the pumping electric field
relatively to the graphene lattice. Furthermore, even in the case of neutral graphene,
the system supports plasmons since E$(¢) is finite even for Er = 0, due to the
constant illumination of the pumping field.
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4.5. The anisotropic conductivity of graphene under
pumping

In this section we show that in an out-of-equilibrium situation we can define an
anisotropic optical conductivity for graphene. The optical conductivity tensor o;;(q, w)
can be obtained via the continuity equation:

q-J—wp=0, (4.21)

where p is the charge density and J the surface density current. The current is de-
scribed by

Ji = Z oij(q,w)é; = —iZJij(q,w)qj*I). (4.22)
J J

The previous result follows from the relation between the electric potential ®, with
well defined momentum q, and the electric field & via the relation § = - V& =
—ig®. On the other hand, the charge density is obtained from the charge-charge
susceptibility via p = —x*(q,w)®. Thus, using Eq. (4.21), the relation between the
conductivity tensor and the susceptibility is:

Y oij(q,w)gig; = iwx™(q,w). (4.23)
ij

The Equation (4.23) is not enough to determine the conductivity tensor from the sus-
ceptibility, but in the long wavelength limit, ¢ — 0, the dependence of each element
of the conductivity tensor on the wavenumber disappear, and we can obtain three
independent equations to the four quantities o;;. These three equations can be ob-
tained changing the direction of the wavevector q or, equivalently, we can compare
the Taylor expansion of x*(q,w) to the left hand side of Eq. (4.23). This procedure
would give four equations but one of them would not be independent of the other
three. The missing equation can be obtained from the current-current response [94]
where the intraband contributions to the conductivity tensor read’

A A
. 2ie2 Ny —ni_ . .
intra q/2 k—q/2 intra,, intra
054 (qvw) = ? — Vikg Uik —q’ (424)
J hwS . intra a “Jk,—q
e W AWyt Ty
: intra A
with Vik'g the components of:
. aOtTB . .
intra __ Oy _ i® *
ka = Top (e KAV kg2 T 2Vk¢k+q/2) ' (4.25)

"The use of the charge-charge current response is not totally consistent with the use of a phenomeno-
logical relaxation rate: the equilibrium density matrix now depends on the vector field [95]. How-
ever this does not change the results in this chapter: from this result we only need a simple symme-
try property of the conductivity tensor.
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and S = N.aZ, where N, is the number of unit cells and

3

Pk = Z e, (4.26)

=1

where §; are the basis vectors (see appendix A for more details).
From Eq. (4.24) we can show that in the limit q — 0, we have:

O_il;tra(q — O,W) — J;?tra(q — O,CU), (4.27)

thus it follows from Eq. (4.23) that:

d C..
oPumped 7

ij oo iy (4.28)

where g = €?/(4h) and C;; are the coefficients of the expansion of xPU™Ped(q, w)
defined in Eq. (4.17), and the total intraband conductivity can be written as function
of an effective Fermi energy tensor Eiejff as:

eff
o _ 4 By

oo hmw4+iy’ (4-29)
where we have defined the effective Fermi energy tensor as:
eff 7T
Eij = Erd;; + Zcz'j- (4.30)

Although the tensor E%ff can be reduced to diagonal form by a rotation, doing so
we loose the direct connection of the tensor components to the orientation of the
graphene lattice.

We can also define the longitudinal conductivity along the direction defined by
the unit vector u,, for a probing electric field of the form & = &yu,, as:

Jou, 4 B (p)
%= T hmwtn (431
where the angle ¢ (the polarization angle of the probing field) is the same as that of
the momentum q, since the electric field is proportional to q via the gradient of the
potential.

It is worth remembering that the effective parameters f, f,,, and ¢ depend solely
on the pumping field properties, that is, on the intensity &y, the polarization angle

6, and the frequency w;,.
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4.6. Numerical results

As shown before (see Fig. 4.4), graphene under intense and energetic light pump-
ing presents a strong anisotropic electronic distribution. This changes the optical
response due to intraband and interband transitions. In doped graphene, without
electromagnetic pumping, the intraband transitions dominates for photon energy
hw < 2Ep, while interband transitions dominate for fuw > 2Fp [18]. For pumped
graphene, we have a similar result, where intraband transitions dominate for w < wy,
where w), is the frequency of the pumping radiation, and interband transitions dom-
inates for w ~ w,,.
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Figure 4.5.: Imaginary part of the longitudinal conductivity as function of the polarization angle of the
pump field for different values of gq. The parameters are: 8y = 0.707 GV/m, hw, = 2t1s,
0 = 7w/4, Er = 0.2 eV and hyo = 14 meV, and Ay, = 28 meV. For ¢ < 1073 the
susceptibility reaches the long wavelength limit. For ¢ = 1072 we can see the strong
influence of the static susceptibility (see Fig. 4.14).

To show the effects of the pumping in graphene, we solve numerically the Eq. (4.11)
and compute the pumped component of the intra-band susceptibility. The xo(q,w)
component is calculated with the analytical expressions derived with the Dirac equa-
tion [15], since it is not necessary here to account for the full band structure of
graphene. This is because for the equilibrium distribution, the probe frequency w
in the range we are considering can only excite electron-hole pairs around the Dirac
cone. This is not the case for the pumped electron gas around the M-point, that
cannot be described by the Dirac equation. The out-of-equilibrium distribution is
calculated using Eq. (4.7).

We plot in Fig. 4.5 the imaginary part of the longitudinal conductivity, Eq. (4.31),
as function of the probe incidence angle ¢, for different wave numbers ¢; this quantity
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4.6. NUMERICAL RESULTS
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Figure 4.6.: Comparison between the semi-analtical approach and the numerical one for the imaginary
part of the longitudinal conductivity, showing the validity of the semi-analytical approxi-
mation obtained in section 4.4. The dots correspond to the cyan solid curve in Fig. 4.5
and the solid line is the semi-analytical calculation. Note that So € [1000, 2400]; the
difference between the maximum and the minimum of the conductivity depends on the
magnitude of . The parameters are: ¢ = 1073, & = 0.707 GV/m, hwp, = 2t1g,
0 =7/4, Er = 0.2 &V, and fiyo = 14 meV, and «y, = 28 meV.
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Figure 4.7.: Dependence of the parameters fo, fim, and ¢ on the intensity of the pumping radiation.
The parameters are: 0 = /4, hw, = 2tte, Er = 0.2 &V, hyo = 14 meV, and hry, = 28
meV. The importance of the parameters fy snd f,, grows with the intensity of the pumping
field. The minimum value of field intensity considered in this figure is 0.1 GV/m. We see
that the anisotropy is observable for this field intensity. We note that the field intensities
scanned in this figure are experimentally attainable.
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controls the dispersion of the surface plasmon-polariton in the out-of-equilibrium
electron gas, as will be discussed in a forthcoming section. We show that the long
wavelength limit is reached around ¢ = 1073, where the conductivity have a co-
sinusoidal shape as predicted by Eq. (4.18). Note that ¢ is measured in units of 1/ay.
In the same figure we also depict an example of the longitudinal conductivity away
from the long wavelength limit (¢ = 10~2). It is clear that in this regime the distribu-
tion is, for some ¢ values, substantially different form the analytical approximation.
Since we are interested here in the long wavelength limit, this results does not inter-
est us and will not be discussed further.

Figure 4.6 shows the numerically computed imaginary part of the longitudinal con-
ductivity, as function of the probing polarization angle ¢, for ¢ = 1073, as defined by
Eq. (4.31), compared with the semi-analytical result, which depends on the effective
Fermi energy defined in Eq. (4.18). The two approaches show a very good agreement,
showing that indeed for ¢ = 1073 the system is already in the long wavelength regime.
The oscillatory variation of the imaginary part of the longitudinal conductivity will
lead to an anisotropy in the spectrum of the surface plasmon-polariton, as it is this
quantity that determines the behavior of the latter. Note that So € [100¢, 240 (see
Fig. 4.6).

From here on our analysis is focused on two ways of parameterizing the effective
Fermi energy: by the function E4ff() that appears in the susceptibility (4.18) or the
matrix Eiejff that appears in the optical conductivity (4.29). The function E¢(¢) also
appears in the dispersion relation of the plasmon modes(4.20). The optical conduc-
tivity (4.29) is the input of Eq. (4.34). Therefore, is useful to study in detail how
those two quantities behave in function of the pumping frequency, intensity and
polarization.

Figure 4.7 shows that the parameters fj and f,,, have a strong dependency on the
intensity of the pumping field. The angle ¢, in contrast, changes very little by as much
as ~ 0.1 rad, and tends to saturate for large intensity fields. The parameters f; and
fm can have a strong impact in the optical response of the system, depending on the
initial doping level of graphene, characterized by Er. For large doping, the effect of
foand f,, is small, except for large pumping field intensities. However, for vanishing
small Fermi energies, the effect of these two parameters have a large impact in the
optical properties of the system, as the effective Fermi energy is essentially controlled
by them.

The dependence of the effective Fermi energy Ef; on the intensity of the pumping
radiation is depicted in Fig. 4.8. A clear anisotropy is seen in this quantity. Partic-
ularly interesting is the finite value of Efz’,, which leads to a finite off-diagonal term
for the non-equilibrium optical conductivity. The dependence of the parameters fo,
fm, and ¢ on the energy of the pumping photons is depicted in Fig. 4.9. We see that
there is a non-monotonous dependence on w, with a local maximum (for fo, fi,
and ¢) when the photon energy is equal to the electronic transition at the M-point
(hwp/tTg = 2). This is, most likely, due to the enhanced density of states associated
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Figure 4.8.: Dependence of the effective Fermi energy Efjf — Erd;; on the intensity of the pumping
radiation (in GV/m). The anisotropy grows with the increase of &,. The parameters are:
0 = w/4, hwp = 2ttg, Er = 0.2 eV, Ayo = 14 meV, and fiy, = 28 meV. The minimum
value of field intensity considered in this figure is 0.1 GV/m.

with the van-Hove singularity.

In Fig. 4.10 the effective Fermi energy is depicted as function of the frequency of the
pumping field. Clearly its behavior is controlled by the values of the parameters fy,
fm, and ¢, as can be seen from comparing Figs. 4.9 and 4.10. Again a local maximum
is seen at the value of photon energy given by hw = 2t1p.

It is worthwhile to remark that the absolute maximum of the fj and f,,, parameters,
in Fig. 4.9, takes place for 7w, ~ 0.5t (~ 1.4 eV), leading to an out-of-equilibrium
gas with a larger effective Fermi energy than when the system is pumped with pho-
tons of frequency fw, ~ 2trg. This energy scale is controlled by the electric field
intensity. Indeed, the system has an energy scale A, for the parameters of Fig. 4.9,
given by
80&0

A/trg ~ ~ 0.2, (4.32)

tr

which is of the same order of magnitude of /uw,, =~ 0.5t1p, the position of the absolute
maximum of the parameters fy and f,,. Note that apart from the gradient of the
phase O, &pay is essentially the Rabi frequency. We have verified that by reducing
the field intensity by five times, the position of the maximum red-shifts to an energy
of about two times smaller the value of iw = 0.5¢7p. This effect is represented in the
inset of the bottom panel of Fig. 4.10. The scaling of the position of the maximum of
fo with 1/& is evident. Note, however, that, for these energy scales, the anisotropy
for the plasmon spectrum will be very small, as Ef, ~ E;; Let us also note here that
the intensity of the density of the states at the van-Hove singularity is presumably
controlled by the value of ~y: the larger this parameter is the smaller is the density
of states at the M—point, which otherwise would be a divergence in the absence of
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Figure 4.9.: Dependence of the parameters fo, fm, and ¢ on the energy of the photon of the pumping
field. The parameters are: 8 = 0.707 GV/m, 0 = 7 /4, hwp, = 2tts, Er = 0.2 &V,
hyo = 14 meV, and hy, = 28 meV. A non-monotonous dependence on w, is seen for
the three parameters. We must however stress that for fw, ~ 0 the behavior of fo, fm,
and ¢ is not accurate, as we have not included the effect of interband transitions, due to
probe of frequency w, which become relevant for w, ~ w, specially in the case of neutral
graphene. See Fig. 4.10 for a discussion of the position of the maximum of fy and f,,
located at low energies.

relaxation.

In Figs. 4.1 and 4.12 we show the strong anisotropy in the optical response. The
parameter f,,, that measures the amplitude of the effective Fermi energy modulation,
has maxima where the f; presents minima for some specific angles. This is the origin
of the strong anisotropy in the optical response of the system, which imparts in the
anisotropy of the dispersion relation of the plasmons. In the Fig. 4.11 the parameter
¢ is also depicted showing a large variation with the angle of polarization of the
pumping field. The significant variation of fy, f,,, and ¢ on 6 controls the dispersion
of the plasmon in this system.

We emphasize that the results presented in Figs. 4.7-4.12 correspond to the con-
tribution from intraband transitions that take place near the three independent M-
points (in this case the concept of valley is meaningless). Note that Fig. 4.4 shows
the effect of the anisotropic distribution near each M-point and the different oc-
cupations of each M-point. For this electronic distribution, the parity symmetry is
broken (see Fig. 4.4), and, as a consequence, we can have a finite off-diagonal conduc-
tivity. The same symmetry is broken in the Hamiltonian studied by Kumar et al.[86].
However, in this case the parity symmetry is broken by a circular polarized pumping
field that populates each valley differently (in graphene each valley is connected by
the parity symmetry).

One experimental way of accessing the dispersion of the plasmons in a given ma-
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Figure 4.10.: Left panel: Dependence of the components of the effective Fermi energy tensor Efjf-f -
Erd;; on the pumping field frequency. The parameters are: § = 0.707 GV/m, 6 = 7 /4,
Er = 0.2 eV, hyo = 14 meV, and hy, = 28 meV. Note the local maximum of the
Fermi-energy tensor-elements around the photon energy fiw = 2ttg. Also note that the
largest difference between EZ, and Efy occurs at the M—point which implies the largest
anisotropy in the properties of the system, including the plasmon spectrum. We must
stress that for hwp, =~ 0 the behavior the effective Fermi energy components are not
accurate, as we have not included the effect of interband transitions, due to the probe of
frequency w, which become relevant for w;, ~ w, specially in the case of neutral graphene.
Right panel: Zoom in of the dependence of the parameter fo with &y near the absolute
maximum. Inset panel: Scaling of the frequency of the maximum, w,, with the /&
(right panel); the linear scaling is evident. The values of w,, are extracted from the
central panel, and correspond to the position of the maximum of the curves for f;. Note
that the larger & is the broader is the maximum and more intense is f.

terial is to perform a EELS experiment. This spectroscopic technique is based on
the excitation of plasmons by moving charges. When exciting a plasmon wave, the
incoming electrons lose part of their kinetic energy. Theoretically, the loss function,
which encodes the excitation of the plasmons by the moving electrons, is defined in
terms of the dielectric function (4.14) as:

1
Iq,w——%{}. (4.33)
(q,0) @) 433
This quantity is depicted in Fig. 4.13, for different values of the probing polarization
angle . The dielectric function was calculated using Eq. (4.14) and the pumping
susceptibility is given by Eq. (4.11). In Fig. 4.13 we can see the characteristic plas-
mon signature in the loss function. It is clear that the plasmon spectrum depends
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Figure 4.11.: Dependence of the parameters determining the effective Fermi energy on the pumping
polarization angle. Note that for some values of 6 the magnitudes of fo and f,, are
almost identical. Also the angle ¢ varies substantially with §. The largest anisotropy in
the properties of the system occurs for the largest difference between fy and f,,,. The
parameters are: & = 0.707 GV/m, fiw, = 2tts, Er = 0.2 &V, Ayo = 14 meV, and
hyp = 28 meV.
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Figure 4.12.: Dependence of the effective Fermi-energy Ef;r — Erd;; on the polarization angle of the

pumping field. We emphasize that our calculations take the three M —points into account
simultaneously since we are making a tight-binding calculation. Therefore there is no
cancellation of E,,. The parameters are: § = 0.707 GV/m, hw, = 2trts, Er = 0.2
eV, hyo = 14 meV, and hy, = 28 meV. Note the periodic behavior of the different
parameters.

significantly on the polarization of the probing field, or, in other terms, on the direc-
tion of the momentum in the Brillouin zone. The width of the plasmon spectrum
is proportional to the relaxation rate «y. For making apparent the anisotropy we
also depict (solid line) the dispersion of the plasmon after an average of the effective
Fermi energy on the polarization angle ¢; the anisotropy is obvious.

Let us now discuss the reason why the plasmon characterizing pumped graphene
out-of-equilibrium is similar to that of doped graphene in equilibrium, in what con-
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Figure 4.13.: Loss function for different polarizations of the probe field as function of the dimensionless
wavenumber (multiplied by 10%). The parameters are & = 0.707 GV/m, 0 = 7/4,
hwyp = 2ttg, Er = 0.2 eV, hyo = 14 meV, and hy, = 28 meV. The solid (cyan) curve
is the plasmon dispersion for the semi-analytical result in Eq. (4.20) after an average of
the effective Fermi energy on the polarization angle ¢

cerns their small energy values. In the latter case, for hw + hvpg < Er and w > vpg,
where ¢ is the wavenumber and w the frequency, interband process are suppressed
by Pauli-blocking and the susceptibility is dominated by intraband processes, where
losses are proportional to the relaxation rate 7 (for 7y = 0 the usual plasmons are in-
finitely long-lived in this momentum-frequency window). In this regime, graphene
supports plasmons with small attenuation with a dispersion relation proportional to
v/q- On the other hand, when we consider the case of the pumped distribution, the
situation is similar, because interband process, that attenuates the plasmon, only
occur for frequencies w near the pumped frequency w,. Since we are considering
the regime w < w),, the attenuation of the plasmons of the non-equilibrium elec-
tron gas is essentially controlled by the value of v, (the plasmons cannot decay via
particle-hole processes in this regime, as it happens in the case of an equilibrium
plasma). Therefore, the correspondent pumped susceptibility is similar in the sense
that the imaginary part is proportional to the scattering time [see Eq. (4.16)]. Thus,
we can expect for plasmons in the out-of-equilibrium electron gas the same level
of attenuation of the conventional plasmons in graphene. As consequence the for-
mer anisotropic plasmons are expected to be long lived as are their siblings in the
equilibrium electron gas.

In Fig. 4.14 we show that the graphene static susceptibility have zeros that renders
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the term (7w) !x(q,w)/x%(q) (r = 1/7) in Mermin’s susceptibility large, even at
small ¢g. In this case the use of the Mermin’s equation is no longer valid, since the
assumption that the fluctuations of the local Fermi Energy, which are proportional
to 1/x°(q), are small is no longer true and the approximation leading to Mermin’s
equation breaks down.
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Figure 4.14.: Static susceptibility for ¢ = 2.107%, & = 0.707 GV/m, and § = 7/4 as function of the
polarization angle of the probe field. Note the existence of points where the susceptibility
is zero. Near and and at these points Mermin's approach breaksdown.

4.7. Spectrum of the surface plasmon-polaritons in the
out-of-equilibrium regime

As a conductive two dimensional system, graphene supports surface plasmon-pola-
ritons. We now want to address the propagation of these quasi-particles on the sur-
face of graphene due to the electron gas created by the pumping field. We will see
that the surface plasmon-polariton spectrum in pumped graphene shows a disper-
sion strongly dependent on the ¢ angle, the polarization angle of the probing field.
A surface plasmon-polariton (SPP) is an hybrid particle that couples electromagnetic
radiation to the free oscillations of an electron gas in a conductor. In graphene, the
spectrum of an SPP depends critically on the nature of the optical conductivity of
the system (for a discussion about surface plasmon-polariton in graphene see Refs.
[12, 96]). Indeed, it can be shown that the condition for the existence of an SPP is
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given by[12]

OzyOyx
weo

04z | K1+ F
|:€1 + €2 + 10 :| |:12 —0, (434)

?1 ?2 WwEeo wHo _wyy} -

for a wave propagating along the z direction and decaying exponentially along the
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Figure 4.15.: Surface plasmon-polaritons dispersion relation, of the out-of-equilibrium electron gas, for
different values of the angle ¢ of the polarization of the probing radiation as function
of the dimensionless wave vector. Note that all the angles in the interval ¢ € [0, 27]
are contained in the shaded region. The parameters are: & = 0.5 GV/m, fw, = 2t1s,
0 =7/4, Er = 0.4 &V, Iiryo = 14 meV, and iy, = 28 meV.

direction perpendicular to the graphene plane. When o, = 0, = 0, the transverse
electric and the transverse magnetic modes decouple. In the case we are considering
here this is not the case, since the non-equilibrium nature of the electron gas created
by the pumping induces a finite value for o,,,. However, since time reversal symmetry
is not explicitly broken in this case, we have the condition that 0., = 0,,. Using
the calculated conductivity tensor in Eq. (4.29) and the coefficients C;; calculated
through Eq. (4.44), the spectrum of the SPP can be obtained.

The dispersion relation of the surface plasmon-polariton due to the non-equili-
brium electron gas depends on the orientation of the direction of propagation of
the wave with respect to the crystalline lattice. To describe the propagation along
another direction, we can rewrite Eq. (4.34) in the new reference frame or, alterna-
tively, rotate the conductivity tensor. The latter can be achieved with the usual 2D
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rotation matrix M, o’ = Myo M *:

_ [cosp —sing
M, = <sin<,0 Ccos > ' (4.35)

In Fig. 4.15 we show, for fixed &y, w,, EFr, and 6, the surface-plasmon polariton in
graphene from the solution of Eq. (4.34). The shaded region corresponds to different
values of the variable ¢, between those represented by the black solid lines at the
borders of the shaded region. We see again the strong dependence of the optical
properties upon the probe angle ¢, which is measured by the anisotropy in the SPP
spectrum. Note that the variation of the spectrum with ¢ is quite substantial and
therefore amenable to experimental verification.

4.8. Final comments

In this chapter we have considered a pump-probe problem, where the pumping field
is a relatively intense and pulsed wave field, with a pulse duration much larger than
1 ps. In this situation we can reach a stationary state where an out-of-equilibrium
electron gas is maintained in the conduction band in graphene. We have considered
the case where the frequency of the pumping field lies in the UV-range of the elec-
tromagnetic spectrum. In this case the electrons are pumped to the M —point in
the Brillouin zone. In addition to the pumping, a probe field of much smaller fre-
quency probes the out-of-equilibrium electron gas. This allows us to access the col-
lective plasma wave —plasmons— in the out-of-equilibrium electron gas. We have
shown that for pumping field of this frequency the excitation of the three M —points
in the Brillouin zone is uneven, at odds with the excitation of an electron gas near
the Dirac points. This is a consequence of the strong deviation of the band struc-
ture of graphene from the Dirac cone approximation. Indeed, near the M—point
the band structure has a saddle point nature being, therefore, very different from
the Dirac cone. Interestingly enough, we have found that the plasmon in the out-of-
equilibrium electron gas still scales with the , /g as in the case of the Dirac plasmons.
This is a consequence of the form of the charge-charge susceptibility, which scale as
¢q; (1 = z,y) in the long wavelength limit (note that in the Dirac cone approxima-
tion the charge-charge susceptibility scales as ¢?). This scaling can still be written in
terms of ¢ if we introduce an effective Fermi energy, depending on the properties of
the pumping field. The anisotropy of the plasmon dispersion in the Brillouin zone
originates from the scaling ¢;¢; and is enconded in the effective Fermi energy. At
the more fundamental level, the fact that the out-of-equilibrium susceptibility scales
with ¢;¢; in the long wavelength limit is a consequence of the continuity equation
(4.23) that links the susceptibility with the conductivity. If in the long wavelength
limit the susceptibility scales with a power lower than ¢? the conductivity would di-
verge and if the power is greater than ¢, the conductivity would be null.
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Due to the relation between the charge-charge susceptibility and the optical con-
ductivity, it is possible to define an out-of-equilibrium optical conductivity. Inter-
estingly, the non-linear dependence of the out-of-equilibirum distribution function
on the pumping field allows for a finite value of aé‘yra = aiy‘;fra # 0. This has an im-
pact on the spectrum of the surface plasmon-polaritons (SPPs) that can be supported
by the out-of-equilibirum electron gas, as in this case, the TE and TM polarization
are coupled to each other. We have found that the measured values for SPP spec-
trum depend on the orientation of the polarization of the probing field. This is a
consequence of the anisotropy of the optical conductivity of graphene in the regime
considered.

What is missing form the analysis developed in this chapter is a detailed study
of the effect of electron-phonon and electron-electron interactions, which has been
included only at the level of a phenomenological scattering rate. Therefore phenom-
ena such as carrier multiplication is not included in our description. It would be an
interesting to discuss this problem in the regime we have considered, a problem that
was not analysed in the literature before, but this is outside the scope of this chapter.

4.A. Steady-state equations for the distribution functions
under continuous pumping

With the assumption that d;nj, = dyn;, = 0 and considering a monochromatic inci-
dent field with frequency w,, we can write Egs. (4.1) as:

Yo (e — fex) — 1(Qk(t)Apk), = 0, (4.362)
Yo (nwx — fox) +1 (2 (t)Apk), = 0, (4.36b)
(O — 1wk + Vp) Pev ke = +Hil () Any, (4.36¢)
(0 + ik + Vp) Pocx = —1Qu(t) Any, (4.36d)

where we use (), for time average. The solution to this set of equations is of the form:

(4.37a)
(4.37b)

Pevjes (£) = A1 (wp)e™r* + Bi(wp)e 7",
Puek(t) = Aa(wp)e " + By(wp)e 7",
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where A;, B; can be obtained from Egs. (4.36¢) and (4.36d) as:

Nek — Mok Qk
A (wy) = — ek ~ Mok T 38
() wp —wk — iy 27 (438)

Nek — Ny k Ql*c

B = Tk 38b
1(wp) ey — iy 2 (4.38b)

Nok — Nek  Qk
As(wy) = — 1wk T Mok 2k 38
2(p) wp +wi — iy 27 (4380)

Ny k — Nek Q;;

B = k Tk 38d
2(wp) eyt -1y 2 (4.38d)

with: & . VO
= eapéo - ViOx
Q= —M—. .
K 5% (4.39)
If we define:

1 +7‘5 (w —I—wf))

= O ) .40
ax = ToTp| Qx| Té(wg_wi)2+27’g(w%+w12<)+1 (4.40)
with 79 = 1/, 7, = 1/7,, we have from Egs. (4.36a) and (4.36b) that:
Nek — fek = ok(Nyx — Nek), (4.413)
Mok — fok = (Nek — Mo k)- (4.41b)

Note that expression for «y is well defined even taking the collisionless regime
(10, 7p) — 0.

4.B. Semi-analytical formula for the charge-charge
correlation function

In the long wavelength limit, the susceptibility for finite frequency is written in power
of ¢*. If we expand vy ;4 and wy 4 until order ¢*, we have:

d2k )\Vkvk q
intra
Xpump q,w E / 2 _ )\VkEk a+ 170 (442)

where we used that N (k, q) = 1 + O(¢?). Expanding also the denominator we find:

X (q,w) = de ! / &k Vv -qViFEx - q (4.43)
pump had (w+iy0)% ) (2m)? ’ '
and thus we can define:
d*k
Cij = )2 5 0ivk0; B - (4.44)
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In terms of C;; we rewrite Eq. (4.43) as:

; 4e 1
Xpump Qs w) = ha? T o) Z Cijqig; - (4.45)
ij

Making ¢, = g cos ¢ and g, = ¢sin ¢ it follows that:
1 .
2 Z C1Giq; = Cuz cos” @ + Cyy sin® o
(]
+ (Cyy + Cyz)sinpcos p. (4.46)

With an integration by parts we can show from Eq. (4.44) that C,y = Cy,. Using
trigonometric identities we can write Eq. (4.46) as:

1 Crz + C, Cypz — C .

> > Ciigigy = 5t g 0052 + Oy sin 2. (4-47)
]
Defining:
1Chy + C,
fo= =, (4.48a)
1 [(Coz—Cyy\”
Jm = W\/<2yy> +C3y, (4.48b)
¢ = arctan v (4.48c)
Crz — Cyy

the susceptibility (4.45) is written as:

de (fo + fmcos(2¢ — ¢)) q>
h2adm (w+iv)? "

intra

Xpump(Q7 2 w) =

(4.49)

It is then possible to defined an effective Fermi energy E%f(p) = Ep+ fo+ fin cos(2¢p—
¢), which allows to write the total susceptibility as:

4B (¢) ¢
Radr  (w+iv9)?

x(q, p,w) = (4.50)

The last result has the same functional form on frequency as that of the charge-charge
susceptibility in the independent electron gas model.
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EXCITONS IN 2D MATERIALS

The study of excitons in bulk transition-metal dichalcogenides (TMDCs) is a research
topic in condensed matter physics that dates back to 1960’s [97, 98]. With the ad-
vent of two-dimensional materials [99], this topic regained interest since it became
possible to study single- and few-layers of TMDCs [100, 101]. Together with its two-
dimensional nature, this new class of materials also has a hexagonal lattice structure
as does graphene. On the other hand, while the low-energy electronic excitations
are in graphene described by a massless Dirac equation, in monolayer TMDCs the
same excitations can be described by a massive (with a gap) Dirac equation. The
absence of a gap in graphene prohibits the existence of bound-states of excitons (but
not of excitonic resonances [102]). On the contrary, we find in TMDCs absorption
spectrum fingerprints of both excitonic bound states (including the presence of a Ry-
dberg series) and of excitonic resonances, due to electron-hole scattering processes,
with energies above the non-interacting gap.

As a consequence of optical experimental studies in few-layers TMDC s, the study
of a new type of excitons in these novel 2D materials became possible. This has at-
tracted a wealth of scientific research [103, 104, 105, 106, 53, 107, 108, 109, 110, 111, 112,
113, 114, 115, 116, 117]. The signature of excitons appeared first in the optical measure-
ments of monolayer MoS; [101], where two peaks in the absorbance, with energies
~ 1.9 eVand ~ 2.1 eV, were identified. These two peaks correspond approximately
to the same results found in several layers of MoS; [97].

The optical studies of other monolayers of TMDCs soon followed at the pace of
their synthesis. The optical properties of MXy, M={Mo,W}, X={S,Se}, in the range
1.5 — 3 eV were experimentally studied by Li et al. [53], with reflectance and trans-
mittance measurements followed by a Kramers-Kronig analyses, and by Morozov and
Kuno [106], with differential transmission and reflectance measurements. It should
be noted that all these four materials have similar optical properties. Their opti-
cal absorbance spectra show signatures of the spin-orbit splitting for excitons at the
K(K’) points in the Brillouin zone, as well as signatures of excitonic resonances at
the I'-point.
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The properties of the excitons at the K-point were extensively studied in the frame-
work of tight-binding and Bethe-Salpeter equation (BSE) [112, 113], DFT + GW + BSE
[110, 1], and gapped 2D Dirac-equation [113]. One of the most prominent features in
the optical spectra of these materials is its dependence on the Berry phase, which
generates a modified Rydberg series [114, 115]. The form of the electron-electron
interaction potential, which deviates form the Coulomb one, also contributes to a
modified Rydberg series [118]. The C-excitonic resonance in monolayer MoS,, due to
transitions at the I'-point, was first calculated by Qiu et al. [111], and it was associ-
ated with a minimum in the optical band structure around the I'-point by Klots et
al. [16]. The effects of temperature and carrier density in MoS, were studied either
solving the semiconductor Bloch equation (SBE) with a tight-binding Hamiltonian,
whose parameters were obtained from a GoW calculation [117], or by combining a
LDA+BSE approach with the inclusion of electron-phonon coupling [103].

In the present chapter we use the polarization concept formalism [69, 102] for de-
scribing the excitonic properties of monolayer TMDCs. This formalism is easily ap-
plied to any system, both using low-energy effective models or tight-binding ones.
The development of the formalism boils down to the solution of an eigenvalue prob-
lem for determining the excitonic bound states and to the solution of a linear system
of equations for computing the optical conductivity of the system. We apply the
resulting equations to a two-band gapped Dirac equation for describing the physics
around the K-point; this originates the physics of the A and B excitons in the TMDCs
and of a modified Rydberg series. On the other hand, using as a starting point the
three-band model for TMDCs [119] we describe the formation of an exitonic reso-
nance near the I'-point. This approach allows us to make much analytical progress
and clearly identify the origin of different bound-states and resonances in the ab-
sorption spectrum. In this regards, our approach is distinct from previous ones that
consider the full band structure as a starting point. The advantage of our approach
lies in the possibility of clearly identify the origin of the different peaks in the optical
conductivity, or absorbance for the same matters, of TMDCs.

We show that the optical properties have a strong dependence on external pa-
rameters, namely, temperature and dielectric function of the environment. This
dependence on external parameters opens the possibility of engineering at will nano-
materials showing strong optical response in the spectral range from the IR to visible.
The application of these systems to opto-electronics, including photo-detectors, will
launch a new set of devices in this area. Another possibility that these 2D materi-
als may provide is the engineering Bose-Einstein condensation of excitons when a
TMDC is put inside an optical cavity [120].

The chapter is organized as follows: in section 5.1 we introduce the second quan-
tized form of the Hamiltonian, which is composed of three pieces: the non-interac-
ting part, the light-matter interaction term, and the Coulomb interaction. Using this
Hamiltonian the excitonic properties at the Dirac point are worked out. In section 5.1
we derive the optical properties of four TMDCs around the K-point in the Brillouin
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zone. Using a three-band tight-binding model we describe the excitonic properties
of four TMDCs in section 5.2. The excitonic effects around the I'—point in the Bril-
louin zone are actually resonances, as they are above the continuum. In section 5.3
the optical properties of four TMDCs are discussed in detail and compared with the
existent experimental data for the absorption. We find a good agreement with the
experimental data, although, since we do not include electron-phonon interaction,
the agreement is not quantitative. We also note that the experimental values for the
absorption present discrepancies among different experiments. This led us to con-
clude that there is a clear sample-dependence in the absorption measurements. In
two of the TMDCs we stress the absence of the B-excitonic series in the experimental
data, which is a noticeable discrepancy with our theoretical calculations. This led us
to believe that the experiments need to be repeated for encapsulated TMDCs in h-BN
at low temperatures. This approach screens away the effect of extrinsic disorder, and
reduces the impact of phonons in the absorption spectrum, due to low temperatures.
Finally, in section 5.4 we provide a summary of the main conclusions of the chapter.
A set of appendices give details of the calculations.

5.1. K-point excitons

In this section we introduce the effective model for electronic properties of TMDCs
around the K-point in the Brillouin zone. Since we are dealing with a many-body
problem, the second quantization formalism is used throughout the chapter. Using
the full interacting Hamiltonian, the equations of motion for the density matrix are
obtained and from it the total polarization is derived. The electron-electron interac-
tion generates a hierarchy of correlation functions that are truncated at the random-
phase approximation (RPA) level. This procedure is equivalent, in a diagrammatic
approach, to the inclusion diagrams considering only the interaction in the electron-
hole propagator. The diagrams relevant to our calculation are given in figure 5.1,
where K represents the BSE kernel (see ahead). Although the diagrammatic ap-
proach is a possible route to solve the problem of excitonic effects in TMDCs, it is also
possible to address it using an equation-of-motion approach. The latter formalism
enables treating at the same level of approximation the exchange-energy correction
and the excitonic effects, and that is the path we will follow in this chapter.

The band structure implied by Hamiltonian (5.1) around the K—point in the Bril-
louin zone is depicted in figure 5.2 (different colors correspond to opposite spin pro-
jections).

The low-energy single-particle electronic-excitations of TMDC materials can be
described, in the k - p approximation, by a 2D gapped Dirac equation. When we con-
sider spin-orbit coupling (SOC), the effective mass and chemical potential become
valley and spin dependent. With these aspects in mind, we can write the single-
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Figure 5.1.: Diagramatic expression of the Bethe-Salpeter equation for the vertex function. Our trun-
cation of the equation-of-motion for the density matrix (when we introduced the RPA
approximation) is equivalent to consider the kernel of the BSE in the ladder approxima-
tion. However, a more precise approach would require more diagrams to be summed in
the kernel.
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k(A1) k(A1)

Figure 5.2.: Band structure of WSez and MoSe; around the K—point in the Brillouin zone, as described
by Hamiltonian (5.1). Note that for WSe; the bands of different spin projections (different
colors) do not cross, whereas for MoSe; there is a crossing in the conduction bands. Due
to these differences, the optical response of the two materials as function of doping differs
from each other. In particular, in WSez the highest-energy exciton peak is suppressed
upon doping when compared to the lowest one. (We have located the chemical potential
at the top of the valence band.)

particle Hamiltonian for a single combination of valley(7)/spin(s) index as:
HET (k) = hop (To1ky + 02ky) + 03mevh — s, (5.1)

with o; the usual Pauli matrices and I the identity matrix, 7 = =+ the valley index,
and s = + the spin index. The effective mass, m;;, and the on-site energy, ys;, can
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be written in terms of the SOC parameters, A; and As [121], and of the mass A as:

st A\
Msr = A — 9 ga (52)
1
Lhsr = 587‘1\2. (5.3)

with Ay = Ayp — Acp and Ay = Ayp + Acp, with Ayp (Acp) the spin-splitting of
the valence (conduction) band.

In three dimensions (3D), the electron-electron interaction in a dielectric medium
is given by the Coulomb potential in vacuum but with the permittivity of free space
go replaced by the medium permittivity €,,£9. Contrary to 3D, the same procedure
does not hold in 2D materials. In contrast, the electron-electron interaction is de-
scribed by the Keldysh potential [6, 122]. This takes into account the surface charge
polarization from a dielectric thin film and reads in momentum space:

e 1
Vig) = —T%m7 (5.4)

where ¢ is the 2D transfered momentum, ¢, and r are the capping dielectric func-
tion of the environment and a material-dependent constant, respectively, the latter
measuring the deviation from the 2D Coulomb potential. Note that we recover the
2D Coulomb potential making ry — 0. The potential (5.4) is written in a slightly dif-
ferent manner than in reference [122] for removing the dependence of the parameter
ro on the external dielectric constant.

To calculate the optical properties of TMDCs, we consider the interaction of the
electron gas with a time-dependent electric field &(¢) polarized along the x axis. For
describing the light-matter interaction in this problem we use the dipole-coupling
Hamiltonian

Hi(t) = e8(t), (55)

with & the position operator and e > 0 the magnitude of the electron charge. For the
external field, we only consider the interband terms of the Hamiltonian H; as we are
discussing a neutral system. In this condition H; reads:

Hy=—6(t) Y d5(k)p5 -, (k, 1), (5.6)
stk

where \ = =+ stands for the conductance (+) and valence (—) bands. The interband
dipole matrix element d37 (k) is given by:

v3; (k)
INET

2 (k) = —ieh (5.7)
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with v57 (k) the matrix element of the velocity operator (E.10). See appendix E for
the derivation and explicit formulas.
From now on, we consider the full many-body Hamiltonian as:

H= I;’O + I_}I(t) + I:Ieea (5~8)

where Hy is built from the single-particle Hamiltonian (5.1) and H,. is the electron-
electron interaction:

Hee = —g /dr1dr2@5T(r1)W(r2)V(r1 — 1) (r2)(r1), (5.9)

where 1(r) is the field operator (5.10) defined below and V' (q) is the Fourier trans-
form of the Keldysh potential given by equation (5.4). For simplicity, from here on
we choose units such that vg = A = e = 1; the usual units are reintroduced at the
end of the calculations. The field operator is given by:

zﬁ(r,w—% S 65 (K)anker (e, (5:10)

k,\,s,7

with S the square-box area, dy)s; the usual annihilation operator that obeys anti-
commutation relations and ¢ys, the eigenfunctions of HS™, H§™ ¢ (k) = (AE;™ —
psr )N (k), with A = — (4) for the valence (conduction) band. The eigenfunctions
and positive eigenvalues are given by:

EST 4+ A, 1
o5 (k) = \/ ) 9EST : ( _rha—iky ) ; (5.1)
k AEZTJ’_mST

E" =\k>+m2.. (5.12)

The eigenfunctions (5.11) will be used extensively in this chapter for determining the
four-body structure factor. The electron-electron interaction can be written as (see
Sec. 3.A):

A 1 A A
Ao=—gc 3 3 VIaDFTan (6K Dl s qer (] e qur (0%
sTA1 A2 34 kk/q

X &)\4k5’r (t)&)\g k/st (t) . (513)

where the four spinor product is (3.29):

FRT voasng (K1, k2) = O3 T (k1)o7 (k2) o3 (k2) o3 (K1) (514)
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5.1.1. EQUATION OF MOTION AND OPTICAL PROPERTIES

Here we will consider that the dynamics of each pair spin/valley separated, i.e., we
will neglect the interaction that can occur between pairs of different valleys and
spins: from this we start now to add a s7 label in each quantity that depends on
the spin/valley. In chapter 5 we derived the SBE for a two-bandy system, obtaining

(3.64): )
— 10X (k, t) = =3kl (k. ) + BA () AR (k), (5.15)

where the renormalized Rabi frequency is given by:
05 (k. 1) = E(1)d”y (k) + B (1), (5.16)

the difference in occupation is given by A f37 (k) = fi7 (k) — f* (k), where f{7 (k) is
the Fermi-Dirac distribution:

ST _ -1
(k) = {exp [AE’“ Per EF] - 1} , (5.17)

kpT

with T the temperature, kg the Boltzmann constant and Er the Fermi energy.
We have that B} (t) is given by Eq. (3.58):

1
BA(E) = —g D V(k = al)[pala, )P () + 57 (@ )F 5 n(kq)
q
(518)
and the renormalized transtion energy is (3.59):
3k = 20E)T + AN, (519)

with the exchange self-energy given by (3.60):

XC,8T )\ ST ST ST
Zh ) =-7% > V()AL (k—a)[Fna(k, k—q) — F5(k, k—q)]. (5.20)
a

The external electrical field is written as §(t) = &ye~“!, and the linear-response

is obtained from the terms proportional to e, pi7(k,t) = p3(k,w)e !, The
equation-of-motion (5.15) in the linear regime becomes:

(w+ @35 P (K, w) = — (E0d” o (k) + Bid (w)) AST (k). (5.21)

with B;7 (w) obtained replacing p3’ (k, t) by p3” (k, w) in equation (5.18):

Bror () = SV (I~ ) [pa(,0)F-ranall @) +poaa ) F ol a)].
q

(5.22)
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See Appendix E.1 for the
derivation.

Once equation (5.21) is solved for the transition probabilities p3” (k,w), the total
polarization P(t) = P(w)e™“! can be obtained from the expectation value of equa-
tion (E.13):

Pw) =5 [ g (5 (k) (523
STA

and the optical conductivity follows from the macroscopic relation between the po-
larization current density and the polarization density J(¢) = 0;P(¢):

o(w) = —isigop(w). (5.24)

The presence of the excitonic term, equation (5.30) in Q!}} (w), makes the equation
of motion (5.21) a system of two coupled Fredholm integral equations of the second
kind for the transitions probabilities p5” (k,w), A = +, that has to be solved for each
spin/valley pair s7. The correspondent homogeneous equation [that can be obtained
making &, = 0 in equation (5.21)], corresponds to a Fredholm integral equation of
the first kind. The solution of the latter will be explored in the next section.

5.1.2. CALCULATION OF THE EXCHANGE ENERGY

The exchange self-energy (3.60) reshapes the electronic bands and, as will be shown
later, it is essential to correctly describe the optical properties of TMDCs, specially
the value of the independent-particle energy gap.

For graphene, described by a massless Dirac equation (m*” = 0), the exchange self-
energy was calculated in [123] and [124] with the use of the Couloumb potential. Here
we calculate the exchange self-energy using the Keldysh interaction for the gapped
Dirac equation (m # 0).

The self-energy for the optical band structure, ¥57*¢(k), is calculated from equa-
tion (3.60) using the expressions in 3.3. Its calculation boils down to an integral over
all possible momentum values:

ST,XC dq ST k.q+m§T
2¥(k) = / —V(g)Af (5.25)

4r kY prrpsT 7
where the difference between the electronic valence and conduction distribution
functions is defined as A f3”™ = {7 (q) — f*(q).

The direct gap renormalization, for each pair spin/valley, is given by the difference
of the spin/valley top valence band and bottom conduction band energies, that is:

Agr =2mg + X7%(k = 0), (5.26)
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TMDC MOSQ MOSeg WSQ WSCQ
A(eV) 0.797 0.648 0.685 0.524
hwp(eVA) 2.76 2.53 3.34 3.17
A1 (eV) 0.076 0.104 0.164 0.215
Ay(eV) 0.073 0.082 0.230 0.252
ro(A) 31.4 517 37.9 451
Ak (eV) 2.82 2.37 2.78 2.31
Experimental gap | 2.5[125] 218 [125] 2.14 [126] 2.51 [127]
214 [128] | 2.02, 2.22 [129] | 2.41 [130] 1.58 [131]
1.86 [126] 2.0, 218 [129]

Table 5.1.: The first five columns give the material parameters used in all calculations in this chapter.
The parameters in the first four columns come from Ref. [121] and in the fifth column from
Ref. [107]. The sixth column is the direct gap at the K-point calculated with the exchange
self-energy obtained from our model. The last columns are experimental data (numbers in
square braces refer to references). See also [132] for a different set of parameters and, in
particular, the prediction of SOC induced splitting in the conduction band at the K-point.

and for ' = 0, the exchange energy can be calculated analytically from equation
(5.25), resulting in

aMsr Q(Tomsra k%‘T/mST)

$ITXC(k = 0) = B It o (5.27)
C(¢-e+ vVE+T/+T)

Ce+D(V1+32-1) |’

with a & 1/137 the fine structure constant, § = vp/c the ratio between Fermi-
velocity and the speed of light, and the valley-spin dependent Fermi momentum k37
is given by:

ky = \/(EF + IU’ST)2 - mgT' (5.29)

We depict the dependence of gap-renormalization on the environment dielectric
constant in figure (5.3). The temperature dependence of the same quantity is given
in figure (5.4), and the renormalized band in figure (5.5). We can see the strong
dependence of the exchange energy on the external parameters (temperature and
dielectric constant of the medium surrounding the TMDC), showing that the envi-
ronment plays a key role on the optical properties of these materials.

A more accurate approach to the calculation of renormalization of the band gap
due to electron-electron interactions requires a self-consistent approach, where the
unperturbed Hamiltonian H” (5.1) is defined including the self-energy from electron-
electron interactions. For graphene this procedure is used to study the possibility of
dynamical generation of a gap in the spectrum [133, 134].
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Figure 5.3.: Dependence of the bandgap renormalization in TMDCs (5.28), computed from the ex-
change self-energy, on the capping dielectric function at 7" = 0 K. A higher dielectric
constant suppresses the electron-electron interactions and thus the renormalization of the
band gap by exchange energy becomes smaller. The parameters used are from table 5.1.

5.1.3. EXCITONIC EFFECTS IN THE RABI FREQUENCY

The electron-electron interaction induces the creation of electron-hole bound states
below the non-interacting energy gap (corrected by the exchange self-energy), that
corresponds to excitonic bound states. Also excitonic resonances appear above the
energy gap. These two effects are routinely measured in optical experiments in semi-
conductors [69]. In the equation-of-motion description, the electron-electron inter-
action renormalizes the Rabi frequency, and, as will be shown later, this corresponds
to solve the Bethe-Salpeter equation in the ladder approximation and in the center-
of-mass reference frame. This procedure allows the calculation of the renormalized
expectation value of the & operator.

The renormalized Rabi frequency (5.18), term B (), can be split into two parts
(addition of two terms):

ST 1 ST ST
BAE) = —< > _V(k—a))p¥ (. t)F ik, q) -
q

S
1 ST ST
~3 > V(k—a)p (a4, ) F (k). (5:30)
q

The Eq. (5.21) corresponds to two coupled integral equations, with the unknown
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Figure 5.4.: Temperature dependence of the bandgap renormalization in TMDCs computed from the
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results. As the temperature increases, for a fixed chemical potential, the valence band
depopulates, less carriers are available in the band and, as a consequence, the exchange
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energy (5.25). We can see the band gap shift and an increase in the curvature of the
band, relatively to the independent particle approach. Parameters used were m = 0.796
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functions p¥7 (k, t). The first term of Eq. (5.30) depends on the same function p5” (k, t)
of the equation of motion, while the second term couples with the transition ampli-
tude p*", (k,t). Neglecting this latter term we have two independent equations of
motion for p7 (k, t) and p°” (k, ).

5.1.4. STUDY OF HOMOGENEOUS BETHE-SALPETER EQUATION:
EXCITONIC STATES

The set of equations (5.21), in the homogeneous case, corresponds to the Bethe-
Salpeter equation for the exciton wave function ¢ with energy E°7"**. In this limit
this equation is also known as the Wannier equation [69]. Once the excitonic wave
functions are known we can calculate the absorbance coefficient A (w) using Elliot’s
formula [69], in a form appropriate for TMDCs; this formula is derived in F.1 follow-
ing a procedure described in [112]; this approach leads to

4wy M?*7
A(w) ~ . : (531)
VEm 57,1%2},71 (w— E55/h)? +~2

where M?7 is the oscillator strength, given by:

2 00 2
|| a0 esr) (532)

ST __
né —

with £ and n the angular and radial quantum numbers, d;” (¢) is the angular decom-
position of the dipole matrix element, and we have explicitly reintroduced the Fermi
velocity vr for defining the oscillator strength as a dimensionless quantity.

In the system of equations (5.21) we neglect the non-resonant term p?” (k, w), con-
sider the system at zero temperature, and at the charge neutrality point, A f{" (k) =
—\. Thus, we have for the homogeneous problem an integral equation for p*” (k, w):

~ ST \,\ST dq ST ST
(w+ 6707 (k) = [ V()P (kapT@w). 63
If we also neglect the exchange self-energy term in the previous result, equation (5.33)
is formally equal to the Bethe-Salpeter equation for the two-body electron-hole wave
function obtained in the center-of-mass reference frame in a gapped Dirac system.
We can write equation (5.33) in the following matrix form:

(Bexe — KP%) ¥ =0, (5.34)

with E.y. = w the Exciton energy and K 7 the integral operator of equation (5.33).
We can use the cylindrical symmetry to write the eigenfunctions of equation (5.33)
as:

P (k,0,w) =Y iy (ke (5.35)
nt
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with ¢ the angular quantum number (note that we have omitted the dependence of
°7(k) in w). The extra phase in definition (5.35) allows to write equation (5.33) in
the heavy mass limit m — oo as a hydrogen-atom equation in momentum space with
a screened potential [108]. The introduction of a factor e to classify the excitons can
be seen as arbitrary. Since the spinors, given by equation (5.11), also have an arbitrary
global phase that propagates to the four-spinor product (5.14), the best way to define
the s-wave is by a limit condition, that is, taking the limit m — oo we should recover
the spectrum of the hydrogen atom.
Substituting (5.35) into (5.33), and using the orthogonal relations for the wave func-
tion 1°7(k), equation (5.33) becomes the following Wannier formula:

(@ + ) (R) = — /0 " ATk, @ (@), (5.36)

with the kernel T;T(k, q) given in appendix 5.B. Equation (5.36) was solved before in
references [112, 113] without the exchange self-energy contribution in &77,. Here we
include the effect of the exchange term. o

The results for convergence of the binding energies, E};}ndmg = Ay — E,p, with
A, given by equation (5.26), of the integral equation for the s-wave (¢ = 0) and the p-
waves (¢ = £1) are presented in columns labeled “3000” and “GL” of table 5.2 (in it we
also discuss convergence issues of our numerical methods). In this table we compare
our results with those of reference [113], and because of this we have neglected the
exchange correction as those authors also did. The wave functions for the s-wave
are presented in Fig. (5.6), where we can see the usual increase of nodes for higher
modes. The breakdown of degeneracy in p-waves comes from the ¢ dependence in
the matrix element of the four body spinor product, that appears inside the integral
(5.61), and is a consequence of the Berry curvature of the Dirac Hamiltonian [114, 115].

The Rydberg series for excitons including exchange corrections is presented in fig-
ure 5.7 for all four TMDCs considered in this chapter with the parameters of table
5.2. There are four combinations of spin/valley, but the time-reversal symmetry re-
duces this number to two independent combinations. Each of these will generate a
distinct Rydberg series, that we call A for the lowest fundamental energy and B for
the highest one. Note that the A and B series are split due to SOC. For WS, we com-
pare the Rydberg series with the experimental work of ref. [130]; our results show a
good agreement with the experimental data, with a deviation smaller than 5 meV.

5.1.5. INTEGRAL EQUATION FOR THE VERTEX FUNCTION

With the knowledge of the solution of the homogeneous equation, we come back to
the integral equation (5.21), where we add a phenomenological interband relaxation
rate 7, to include disorder effects.

We write p5" (k,0,w) = W3 (k,6) and proceed as we did in equation (5.35) ex-
panding W5 (k, ) in the eigenstates of the homogeneous Bethe-Salpeter equation
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50 100 300 600 1200 3000 GL LM Ref.[113]

1S
28

apt

2p~

0.224 0.264 0304 0.318 0327 0333 0.331 0.301

0.033 0.055 0.081 0.092 0.099 0.104 0.103 0.099
0.051 0.077 0.107 0.119 0126 0.132 0.132 0.125
0.062 0.090 0.122 0134 0142 0.148 o0.47 0.150

Table 5.2.: Binding energy (in €V) for four different excitonic states of MoS, corresponding to the

A-series. The first six data rows show the results for the numerical procedure based on a
constant grid discretization; convergence is obtained only for very large grids of the order of
3000. GL accounts for Gauss-Legendre/Laguerre, where the integral in g is divided in three
intervals [0,0.3A], [0.3A,0.6A], [0.6A, co]. For the first interval we use 100 points, and for
the second and third 50 points are used. In the first two intervals we use Gauss-Legendre
quadrature, and the last one Gauss-Laguerre with a rescale of m/150. The last row (LM)
is the data from reference [113], with excitonic binding energy computed using a lattice
(tight-binding) model. We want to stress that the discretization procedure in a linear mesh
of 3000 points takes several hours to run in a conventional laptop, whereas the GL method
takes only few minutes in the same computer. At a given stage the calculation requires
performing an angular integral of the Keldysh potential V(k — q). Although the integral
can be proven finite, numerically the integral is ill behaved when k& = ¢. For avoiding
this pathology a finite constant of the order of the grid spacing is added to pi 4(0) in Eq.
(5.61); this renders the integral finite, as it should.
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Figure 5.6.: (Color on-line) Unnormalized radial excitonic wave function for MoS; from the solution of
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equation (5.36) for £ = 0 at the K—point. We can see the usual increase of nodes with
the higher modes. The size of the exciton, estimated as 27 /k, is of the order of ~ 10 nm,
or about few of unit cells.
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Exciton eigenvalues of equation (5.34), with exchange effects included, as function of the
radial quantum number n for £ = 0. The dashed line corresponds to the spin/valley
dependent gap, given by equation (5.28). The blue circles (green squares) corresponds
tothe t K, | K’ (I K, T K') series. Note that for WS> and WSe, the B excitons are
all but one (1s=B) inside the continuum of the A excitonic series. This fact is expected
to have important consequences in the absorbance spectrum of these two materials (see
section 5.3).
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Figure 5.8.: Comparison between experimental data (red triangles) from Ref. [130] and our theoretical
model, considering a small amount of doping (green circles and yellow stars), and the
neutral case (blue squares). Exciton eigenvalues of equation (5.34) for WS;, with exchange
effects included, as function of the radial quantum number n for £ = 0. The dashed line
corresponds to the spin/valley dependent gap, given by equation (5.28). The parameters of
the mass, Fermi velocity and SOC are from table 5.2. We set 7o = 40.92 A, slightly larger
than that given in reference [107], 37.89 A. The effective dielectric constant, including the
effect of the substrate (SiO2), is ¢ = 2.45.

and angular momentum states:

w7 (k, 0) Z U5z (k)ee, (537)

f=—o00

and as a consequence:

(W + @55 + 17950 (k) = —ASLT () | dZ) (k)00 + dZy o (k)de,—2 +

+ [T da(Th e usin) + T3 e ®) | 638)

where §; , is the Kronecker-delta, and the kernels 7,5 (k, ¢) and T;;" (k, ¢) are given
in appendix 5.B, and the dipole decomposition dj" (k) in appendix7F.1.

The diagrammatic representation of equation (5.38) is shown in figure 5.1, where
the internal electron-hole legs are understood to be dressed by the exchange inter-
action.
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5.1.6. BRIGHT AND DARK EXCITONS: OPTICAL SELECTION RULES

We are now in position to discuss the conditions that an exciton can absorb a pho-
ton. From the coupled set of equations (5.38), only ¢ = 0 (s-excitons) and ¢ = —2
(d-excitons) contribute to the optical conductivity, but from our numerical calcula-
tions, the / = —2 mode contribution is negligible for real TMDCs parameters. After
performing the #-integration in equation (5.23), we obtain for the polarization:

) 3 [ M a4 a0 (539)

STA

Finally, the numerical procedure to calculate the optical conductivity is the follow-
ing: we solve the integral equation (5.38) to determine the eigenfunctions 3} (k),
calculate the polarization from the integral in equation (5.39), and lastly the optical
conductivity is calculated from relation (5.24). The absorbance for a MoS; suspended
sheet for a TEM wave with normal incidence can be obtained from the optical con-
ductivity as [15]:

)
4+ m2a?|f(w)]?’

with f(w) = o(w) /oo and o¢ = €2 /4h.

A(w) =

(5.40)

5.2. Excitons at the I'-point

To describe accurately the optical absorption in the frequency domain after the two
first excitonic peaks (A and B), that is the region roughly located in the interval
2.3 — 3.5 eV, we need to describe the excitonic effects due to electronic transitions at
the I'-point. This implies going beyond the k - p model at K-point. To accomplish
this, we use the three-band model of Liu et al. [119], which was shown to describe
accurately the GGA band structure. We use the same equation of motion approach in-
troduced in previous section. The dipole matrix element is calculated using a Peierls
approximation [135, 117]:

(K[ \k) = (K| Oh i 'K), (5.4

EY EA
which takes in account vertical interband transitions only.

To proceed with the discussion about excitons (actually excitonic resonances) at
the I'-point, we have to look in detail into the TMDC band structure depicted in
figure 5.9; this band-structure was calculated using a full relativistic method (see
figure caption for details), that is necessary to correctly account for the spin-orbit

coupling [139] in TMDCs. Very close to the I'-point, the top of the valence band
(that from now on we label band 0) and the last four conduction bands (that, from
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Figure 5.9.: Electronic bands diagram of single layer MoSs. In red are the valence bands and in blue
the conduction bands. On the right panels a zoom-in of the conduction bands (top) and
valence bands (bottom) near the I' point is shown. The band diagrams were obtained
using Density Functional Theory in the GGA (PBE)[136] approximation, as implemented
in the QuaNTUM ESPRESSO([137] package. An energy cutoff of 70 Ry and a Monkhorst-
Pack[138] grid of 16 x 16 x 1 were used. Mo and S atoms are represented by norm
conserving pseudopotentials generated with fully relativistic calculations including spin-
orbit interaction. To avoid interaction between different images of the layer, a 45 bohr
supercell in the ¢ direction is included. (Courtesy of Ricardo Ribeiro).

here on, are labeled 1, 1/, 2 and 2/, in increasing energy order) are essentially due to
contributions from electrons belonging to the transition-metal d-orbitals. We note
in passing that the bands 0, 1, and 2 are also used in the effective Hamiltonian valid
near the K-point. The four lowest conduction bands at the I'" point (labeled 3, 3/,
4 and 4/, in increasing energy order) are mostly composed of p-orbitals from the
chalcogenides atoms. From here on, we do not consider SOC effects in the three band
model as they are very small at the I'—point (see right panels in Fig. 5.9). Therefore,
we drop the prime notation of the bands, that is, the bands i and ¢’ are treated as
spin-degenerated (at the computation level this amounts to a multiplicative factor
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of two affecting the absorbance curves).

The mirror symmetry, with respect to the plane formed by the metallic atoms,
is important to discuss the optical properties of TMDCs. The bands 0, 1 and 2 all
have even symmetry, while the bands 3 and 4 both have odd symmetry. Therefore,
the dipole matrix elements between bands with different mirror symmetry vanish
(note that the mirror symmetry refers here to the z—coordinate). As a consequence,
the existence of excitons composed of holes from the 0 band and electrons from the
bands 3 and 4, they are optically dark under a single-photon experiment. This implies
that we restrict the calculation of excitonic effects near the I'—point considering only
the optical properties of excitons composed of holes from band 0 and electrons from
bands 1 and 2. These optical transitions generate a modified Rydberg series, which
is a consequence of the non-parabolic dispersion relation of the optical band [see
equation (5.45)] and finite Berry curvature at the I'-point and as well as from the
form of the Keldysh potential.

To calculate the optical properties of the excitons at the I'-point, we use the same
equation of motion method developed in previous section. We define transition
probabilities py; (k,t) = <€L;rk(t)&ok(t)>, that represent the annihilation of an electron
at the valence band 0 and a creation of an electron at the conduction band ¢ = 1, 2.
The equation of motion is given by (3.31), making A; = 0 and A2 = 1, 2, the latter two
values represent the two possible bright excitons at the I'-point. On the other hand,
the Hy = H3® Hamiltonian is the three-band model given by Liu et al. [119], that
describes, up to the next-nearest-neighbor order, the effective tight-binding model
between the metal atoms M={Mo,W}. We are interested only in the term equiva-
lent to the Bethe-Salpeter equation (encoded in the Rabi frequency renormalization
term):

BE() = 5 SV~ a) FP Ok apoila, ). (542)
q

which is obtained from equation (3.31) from the terms with A3 = 0, Ay = 0,4 and
A5 = i. For the model we are considering, the four-body spinor is given by:

F3P(k,q) = ¢} (k + a)do(k)¢] (k)¢ (k + q), (5.43)

and is obtained numerically from the diagonalization of the 3 x 3 matrix defining
the three-band model, with ¢; the wave function of the i-band.

In our calculation, the exchange self-energy is included as an energy shift from
the renormalization of the band gap [see equation (5.28)]. We also ignore spin-orbit
effects in the calculations at the I'-point, as these are very small. The equation that
we need to solve for obtaining the transition probability py;(k, 6, w) reads:

[W - w’i(kv 9)} pOi(kv 97 w) = _Afldzr(ka 0)80 +

1 / / /
Afig qzej V(k,q,0 — 0)Fi(k, q,0,0 )poi(q, 0 ,w), (5.44)
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with S, the unit cell area, w;(k, ) = Eir 9 — Eok,9, Firp, and Epy, ¢ the eigenvalues of
the three-band Hamiltonian Hg’b, Afi = fiko — fore is the difference in occupation
numbers between bands i and 0 (given in terms of the Fermi-Dirac function), and the
dipole element d} (k,0) = (\k|Z|\'k), with the expectation value calculated using
equation (5.41).

Since we only need the band-structure near the I'—point we approximate the op-
tical band structure near this point by the Fourier series:

wi(k,0) ~ hiy(k) + hi(k) cos(60) + hiy(k) cos(126), (5-45)

with hi(k), ¢ = 0,6, 12 are polynomials of degree six (this expression is valid up to
momentum values of the order of 27 /(3ag), where qy is the lattice parameter). Ex-
pression (5.45) describes accurately the optical band structure near the I'-point. For
k — oo the optical band approximation (5.45) diverges. Although the contributions
for & — oo becomes negligible to the excitons’ wavefunction, the approximation
(5.45) makes the numerical convergence faster. Using the angular decomposition
(5.10), pio(k,0,w) = & Y, ci(k)el?? (note that we have omitted the dependence of
c(k) in w), we can write the Bethe-Salpeter equation (5.44) as (where we have made
A f; = —1 since are interested in a neutral system):

_ spr ot
CUCK Z(JJ[/ Ce g/ = d / / / 1(66166 X

XV(]{J Q79 9/) (k q,9 el)cé’( )a (546)

and @j(k) = [ 9 6i0;(k, 6).

The previous equation couples coefficients c; with different angular momentum
numbers ¢ through two terms: the kinetic term ", @}, (k)c}_, (k) and the electron-
electron interaction term (Rabi frequency renormalization term). The kinetic term
couples only coefficients having different angular momentum values, but this term
gives a negligible contribution to the optical response when ¢ # ¢'. This is a conse-
quence of the fast vanishing of the potential V' (k, ¢, — ¢') whenever 6§ — 6’ # 0 and
0—0' is varied. Therefore, we can replace the four-body spinor function F3*(k, ¢, 6, 6")
by its average angular value as follows:

N 2 de o’ o’
Fb(k,q,0) = —FP (kg0 — =0+~ ). :
0 ( 4, ) /O o 02 4, 97 + 9 (5 47)
and the effective potential is given in this approximation by:
74 o de’ 1@9 / /
Vi) = [ 5 Vg, 0)F (.0 (549)
0

The approximation (5.48) and (5.47) keeps the hermiticity of equation (5.46). Fi-
nally, we replace the potential term in equation (5.46) by (5.48), where we arrive at
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Figure 5.10.: Angular decomposition from each contribution to the optical conductivity for the exciton
at the I'-point for the 01 exciton (see section 5.2 for the definition). In the calculation
we have used the example of MoSs. This exciton is composed of Mo d-states. Each
angular decomposition has also angular components ¢ + 6 and ¢ + 12, a consequence of
the optical band structure (5.45).

the coupled set of integral equations:

weik) = S Gk (k) = dCy(k) - /O T gdgTi ki) (5.49)

0/=0,46,+12

To solve (5.49), the summation in ¢ gives five additional terms [¢' = 0, +6, +12;
see equation (5.45)] that are coupled together. This generates a hierarchy of equa-
tions for the coefficients c(k). Therefore, the solution of equation (5.49) has to be
truncated at some ¢ value. In this procedure we have assumed that the contributions
above ci4(k) are vanishing small. This is confirmed by figure 5.10, which shows that
for £ = 5 the contribution is already small (note that for this curve we have all the
coefficients ¢(k), with £ = —7,—1,11, 17 entering the calculation of the conductiv-
ity, see below). In terms of the coefficients c}(k) the conductivity is computed as
follows. The expectation value of the polarization operator can be calculated as we
did in section 5.1, and results in:

27
=25 Z / / k%ﬁ dr(k76)]*pi0(k797w)v (550)

27r27r
1=0,1

77



=0 =1 =0

0 Q

Q O

o0
=2 =3 =2 =3
00 00 o

") g g

00 00 0
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Figure 5.11.: Exciton wave function in momentum space at the I" point.

where we account for the spin degeneracy introducing a factor of two. The conduc-
tivity can be obtained from equation (5.24), and we can separate the contribution for
each band . Performing the angular integral in the equation for P(w) we obtain:

AC) 3 /°° k95 a0, (0] (k). (5.51)

Once the coefficients c} (k) are determined from the solution of (5.49) the conductiv-
ity follows from the previous equation.

The solution of (5.49) also give us the excitonic wave functions in momentum
space. The results for the first excitonic energy, for each angular momentum mode,
is shown in figure 5.11a for the exciton composed from an electron in band 1, and in
figure 5.u1b for an electron in band 2. From a careful inspection of figures 5.11a and
5.1b, we can see that the nodes of exciton with band index i = 1, ¢ = 0 lies along the
I' — K direction, while the nodes of exciton with band index i = 2,¢ = 0 lies along
the I'-M point.

78



5.3. Results

In this section we have perform a thorough analysis of the absorption spectrum of
four TMDCs. For computing the absorbance, the optical conductivity is needed. Tak-
ing the example of MoSs, the decomposition of the real part of the optical conduc-
tivity, coming from different angular momentum contributions of the exciton at I'-
point, associated with the transition 0 — 1, is shown in figure 5.10; remember that
each contribution is composed of / = 0, £ &+ 6, and ¢ &+ 12 angular momentum com-
ponents.

It is important to introduce here a note on notation: the peak at lowest energy is
denoted by A= 1s and the next Rydberg energy level in the A-series is denoted by
A= 2s; this corresponds in a given valley and to a given spin projection. In the same
valley, and for the other spin projection, the peaks belong to the B-series, with the
lowest energy is denoted by B=1s and the next one by B'= 2s. For MoX,; TDMC’s the
energy order is A, B, A} and B’, whereas for WX, TMDCs the energy order is A, A, B,
and B’ This agrees with the notation introduced in figure 5.7.

The absorbance, and the real and the imaginary parts of the optical conductivity,
for four TMDCs considered in this chapter, are shown in figure 5.12, with the param-
eters of table 5.1. That is, in this figure we do not try to fit the data but simply use the
parameters characterizing the potential and the band-structure of the TMDCs given
in other papers. In figure 5.13, on the contrary, we fit the A peak position chang-
ing 79 and we also add a chemical potential, since, as noted in Refs. [140, 141] all
TMDCs samples have a certain and undetermined amount of negative doping. We
note in passing that at the time of writing different experiments report distinct per-
centages for absorption of radiation for two, supposedly identical, TMDCs. Table
5.3 gives, from four different references, the measured values of the absorbance of
MoS; samples; as it can be seen the values fluctuate among different experiments.
Also, our model predicts, at low temperatures, larger absorption peaks than those
measured at room temperature. This result makes sense, but when we increase the
temperature we never obtain values as small as those reported in the experiments for
MoS;. It is now known [142] that excitonic spectrum of TDMC’s samples in SiO; are
strongly influence by the disorder of the substrate. In this reference it is shown that
encapsulated samples in h-BN have much narrower excitonic peaks. Therefore our
results should agree with absorbance measurements in these encapsulated samples
(measurements yet to be made).

Next, we analyze each aspect of the optical spectrum of each TMDC and compare
our results with the experimental measurements available to date in a large frequency
window. The parameters used in our calculations are: (i) at the K-point we used the
values in table 5.1 and a broadening yx = 50 meV; (ii) at the I'-point we used the
GGA parameters of the three-band model given by Liu et al. [119], the same Keldysh
parameters of table 5.1, and a broadening yr = 100 meV. Note that exception made
to the broadening parameters, all the other values were taken of the literature and
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Excitonic peak Model [101] [53] [106] [140]

A 14 10.8 7.4 3.8 7.5
B 15 105 8.6 5.0 8.0

Table 5.3.: Absorbance (in percentage) of A and B peaks for MoS2. The table gives a comparison

between our theoretical model and the experimental results for samples deposited on silica
([101],[53].[106]), and a FET device [140], where the MoS. is deposited on top of silicon and
under a voltage gate of —10 V. The “Model” refers to the theoretical approach developed
in this chapter and we have considered MoS; on top of silica (€silica = 1.46). This value
of €silica translates into an €, = (1 + 2.13)/2, which is the value we use in our equations.
Remember that in our model both the peak intensity and the peak width are dependent
on the choice of the relaxation rate vx. We can artificially reduce the height of the peak
at the expenses of increasing its width. It is worth noting the variation of the experimental
values for the absorbance among themselves.

no attempt was made to choose them in order to fit the data, with exception to the
case reported in figure 5.13.

8o

* MoS; The two first peaks in the absorbance, A and B, correspond to the A(1s)

and B(1s) excitons. The different position of the two peaks is a consequence of
SOC splitting of the bands. The last two peaks in the absorbance spectrum,
Co1 ans Cyy (having about the same intensity -see the conductivity curve),
correspond to the sum of different angular momenta contributions from the
I'-excitons (actually excitonic resonances). The third (Cy;) peak is associated
with the transition from the top of the valence band to both the 1and 1" conduc-
tion bands at the I"-point (conduction bands number 5 and 6 in figure 5.9); we
have considered these two degenerated since SOC is small in this case. Finally,
the fourth peak (C2) comes from transitions connecting the top of the valence
band and the 2 and 2’ conduction bands (also taken degenerated; conduction
bands 7 and 8 in figure 5.9).

The real part of the conductivity follows closely the absorbance spectra, as ex-
pected. Usually, the imaginary part of the conductivity from a single excitonic
contribution is negative for iw < Ej and positive for iw > Ej, where Ej, is the
binding energy, a result that can be obtained by inspection of Elliot’s formula
for the optical conductivity (F.11).

Let us now discuss the differences between experimental data and our model.
We note that the rigid shift to the left performed by Wu et al. [113], and Stein-
hoff et al. [117] is not necessary in our case. The difference in intensity of A
and B peaks is probably a consequence of the phonons that exist at finite tem-
perature. This effect was not considered in this chapter but was shown to be
important for the peaks’s broadening [111, 103].

Lastly, we discuss the excitonic effects at the I'-point. The optical measure-
ments identify only one peak, which seems to correspond to the Cpy exciton.
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Figure 5.12.: Absorbance and optical conductivity of four TMDCs computed from formula (5.40),
assuming the materials are neutral and in vacuum; there is no fitting of the data. The
real part of the conductivity has the peaks labeled by the corresponding excitonic series,
A (1s=A and 2s=A’"), B (1s=B and 2s=B’), and C (all contributions from figure 5.10 for
the transitions 0— 1 and 0— 2). The former two are due to transitions at the K-point
and the latter to transition at the I'-point. Experimental data for the absorbance (solid
black curves) is taken from reference [53]. The model parameters are given in table 5.1
for the excitons at the K-point and in reference [119] for the I'—point; for all but WS,
the parameter r¢ has been replaced by roe, with € the effective dielectric constant for a
fused silica substrate; a similar procedure was used in reference [130]. See section 5.3
for a discussion of the similarities and differences between the data and the computed
spectra. The vertical black line in the central panels define the energy value above which
we enter the continuum of the A-series. Note that for WX the first peak of the B series
in inside the continuum of the A series (this accounts for the disappearance of the B peak
in the experimental data; see figure 5.13). Excitons in the A and B series corresponding
to £ = —2 have vanishing contribution to the optical properties at exciton energy, but
are included in this calculation (note that £ = 2 is a dark exciton). The absorbance has
been computed taking the substrate into account using the dielectric permitivity of fused
silica at optical frequencies (e = 2.13).
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The work of Qiu et al. [111] obtain a rich structure of peaks in this region that
was washed out when they include quasi-particle lifetimes from phonon terms.

MoSe,

The aborbance spectrum of this TMDC share many similarities with MoSa: two
peaks from the K-point split (A and B) by the SOC and two wider peaks from
the I'-point are also present. The exciton at the I'-point contributes with two
peaks at ~ 2.4 eV and ~ 2.7 eV. The experimental data shows a single peak at
2.6 eV. This discrepancy comes possibly from the phonons already discussed
for the MoSy. Overall there is a good agreement between the data and the
calculated curves, both in position of the peaks and in intensity.

The imaginary part of the conductivity is only positive for frequencies fuww >
2.6 eV, meaning that exciton-polaritons can only be excited for energies in the
visible.

WS,

For this material we note the very good agreement of the position and magni-
tude of the calculated A peak in comparison with those in the experimental
data. We also see that the second experimental peak coincides with a small
computed peak from the 2s state (A’) associated with the series of first exciton
A-peak (see figure 5.7). There is at least three reports [143, 144, 145] of measure-
ment of the A’ peak in WS; in the temperature range of 4-300 K. Unfortunately,
in the literature the A’ peak has been dubbed B, using an analogy with the MoX»
case. However, looking at the central panel of figure 5.12 we clearly see that the
A'= 2s peak appears at lower energy than the B= 1s. Note that from our anal-
ysis we can separate each spin/valley contribution. Also note that the A’ peak
has a similar absorbance to the experimental one (identified in the experimen-
tal literature on WXy, TMDCs as B, because it is the second to appear in the
energy scale). Studying the dependence of light absorption of different peaks
on an external magnetic field, for breaking spin degeneracy, together with the
use of strong circular polarized light to populate the two valleys differently[86],
is a possible way of clarifying the microscopic origin of the different peaks.

The third theoretical (B) peak (which is the SOC counterpart of the first peak)
is absent in the experimental data. Note that from figure 5.7, all but one (1s=B)
contributions from the B family of peaks are excitonic resonances (above the
interacting band gap). The proximity of the B-peak to the continuum may pro-
vide a scattering channel to transfers spectral weight from this peak to the res-
onances in the continuum. An additional and possible mechanism is based on
extrinsic doping of these materials as shown in figure 5.13. It has been shown
that doping has a strong effect in attenuating the excitonic peaks [109], spe-
cially the B-peak in MoSs. There is no reason to believe that the same mech-



anism would not work in WXy TMDCs. Indeed, from figure 5.2 we expect a
strong attenuation of the high-energy excitonic peak whereas the low energy
one should survive. This should happen since the doping with electrons tends
to block first the higher energy transition whereas maintaining the low energy
one. In figure 5.13 we see a comparison of the absorption spectrum of WS, with
the data taking into account the effect of doping; the agreement is excellent.
The suppression of the B-peak is evident from our results, thus confirming dop-
ing by electrons as a possible mechanism for suppressing the B excitonic state.

The first excitonic resonance (Cy;) at the I'-point is in very good agreement
with the experimental one, while the second excitonic (Cp2) resonance at the
I'-point is at an energy range above the measured one (although its intensity is
rather small). Therefore nothing can be said about the possible agreement with
the experimental data, since this does not cover that spectral region. Lastly the
imaginary part of the optical conductivity becomes positive above the energy ~
2.6 eV nd therefore the system can support exciton-polaritons in that spectral
region.

WSQQ

We end our analysis with a comparison between the calculated absorbance
curve and the one measured for WSes. For this material the disagreement be-
tween the calculated curves and the experimental data is the largest of the four
TMDCs studied in this chapter. Indeed, the data seems stretched relatively to
the calculated curves. The first peak in the WSe, absorbance spectrum is in
very good agreement with the experimental data, with a difference in position
less than 0.1 eV.

As in the case of WSs, we see that the B-family peak is present in the data as a
small shoulder. The third and fourth experimental peaks, when compared with
our theoretical model, come from resonances at the I'-point. The theoretical
calculations show a red shift of about 0.2 eV for these two peaks, indicating that
higher order exchange corrections, which reshape the band structure around
the I'-point, might be important.

The imaginary part of the optical conductivity is positive above ~ 2.8 eV, thus
allowing for excitons-polaritons.

Next we present an analysis of the effects associated with changing the Fermi en-
ergy and the Keldysh potential parameter ry. Given a Fermi energy the parameter
ro can be adjusted to fit the A peak. Results of this procedure are shown in figure
(5.13) for WS,. We can see an excellent agreement between our results and the ex-
perimental curve. This highlights the importance of a finite Fermi energy in describ-
ing the experimental data. As noted before a finite Fermi energy comes from the
spontaneous negative doping observed in TMDCs samples. The better agreement
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with the data shown in figure (5.13) relatively to the results of figure (5.12) shows the
non-negligible effect of the doping in the optical properties. On the other hand, the
parameter r should also be a function of the electronic density. At the moment of
writing this dependence is unknown.

One aspect that our calculation does not take into account in an exact way is the
self-consistent solution of the exchange energy. Since this calculation is outside the
scope of this thesis, we can mimic it using a different value of A5 [see Eq. (5.3)]. This
leads to a narrow A peak and a broaden B peak in WSs, as seen in the experimental
data. In this regime, the B peak is no longer an exciton but rather an excitonic res-
onance. The mechanism leading to the broaden of the B peak can be explained by
the self-consistent solution of the exchange energy. For a given carrier density, the
iterative calculation of the exchange energy reduces its value and therefore the im-
portance of the doping increases for the lowest conduction band. In WS, the effect
is much stronger in the lowest band than in the next conduction band due to the
large spin-orbit splitting. This mechanism due to exchange increases the splitting
on the two conduction bands.

Another aspect of the doping is its influence on the decreasing of the band gap.
We show in figure (5.14) the dependence of the band gap and the exciton energies on
the Fermi energy. We can see that increasing Fermi energy makes the binding energy
(difference between the thick blue curve and all the others) smaller. The energy of
the first excited state (squares) increases with the doping while the energy the second
(triangles) and third (circles) have the opposite behavior. We also see that it exists
a critical doping that makes the exciton states collapsing into resonances when they
merge with the band gap. For the energy of first and third excited states we see the
same qualitative behavior as measured in Ref. [141].

This concludes the analysis of our theoretical results when compared with the ex-
perimental data. Globally, the agreement is good, but some points need further re-
search. Measurements performed at low temperatures in encapsulated TMDCs using
hexagonal boron-nitride should reveal the fine structure of the excitonic spectrum
predicted by our model.

5.4. Discussion and conclusions

In summary, we have performed a study of excitons in TMDCs monolayers including
in the same foot both excitons at the K- and I'-points. The excitons at the K-point
were calculated with a gapped Dirac equation including electron-electron interac-
tions and SOC. The excitonic resonances at the I'—point were calculated with the
tight-binding three-band model expanded around that point in the Brillouin zone.
We compared our theoretical results with the experimental data available from ref-
erence [53]. We clarified the microscopic origin of each observed excitonic peak and
discussed the reasons for some disagreement between our theoretical model and

84



5-4. DISCUSSION AND CONCLUSIONS
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Figure 5.13.: Fitting of the experimental optical absorption for WS,. The parameters are those of

table 5.1 unless otherwise said. The new parameters are 19,4 = 55.7, Er = 5 meV,
Y4 = vB = 26 meV, and yr = 0.1 eV. Temperature is 300 K and we also changed the
value of Ao — A + 0.12. The figure is discussed in detail in the main text.
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Figure 5.14.: Dependence of the band gap and of the three first exciton s-states for WSes on the Fermi

energy. Ecp is the lowest conductance band energy. The parameters of the mass, Fermi
velocity and SOC are from table 5.2. We set ro = 40.92 A, slightly larger than that
given in reference [107], 37.89 A. The effective dielectric constant, including the effect
of the substrate (SiOz2), is € = 2.45. We used a temperature of 77 K.
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the experimental data. Note that the measurements where made at room temper-
ature. Therefore, the effect of a self-energy, which will be energy dependent, due
to electron-phonon interactions might play an important role in modeling the ab-
sorbance spectrum at room temperature. We note here that our equation of motion
method also allows for treating electron-phonon interactions at the expenses of a
more lengthly calculation.

Also, as noted by Mak et al. [140]: “Spontaneous negative doping, presumably from
defects within the MoS; layer and/or substrate interactions, has been commonly re-
ported in mechanically exfoliated samples”. This seems be the reason [109] why the
B-series is not visible in WX when the material is electron-doped (see figure 5.13).
To conclude, given the uncertainties in the experimental data reported in table 5.3
we consider the agreement between our calculation and the data to be quite good.

We have also studied the variation of the 1s =A peak with the dielectric function of
the capping medium (results not shown). We found that the A-peak position varies
little with €,,. This happens because the exchange energy correction compensates
the binding energy coming from the BSE.

Although we have considered in this chapter the response to linearly polarized
electromagnetic radiation, it is simple to generalized the calculation to circularly
polarized one. This would allow us to discuss the additional appearance of more
selection rules associated with spin.

5.A. Overlap of the four-body wavefunctions

The four-body overlap functions are explicitly defined below for the massive Dirac
Hamiltonian:

FRT aoasn, (K1, k2) = O3 T (k1)o7 (k2) o3 (k2) oy (k) - (5.52)

For simplicity of writing, we omit in this appendix the superscript s7 in the F’s-
functions and in the energy E;”. For the case A\; = A4 and Ay = A3 the overlap
function reads:

1 kl . k2 =+ m2
Fxi e e (K1, ka) = 3 <1 + )\1/\2Ek1Ek2> ) (5.53)
whereas when \; = A4, Ao = — A3 we find:
A mlka - (ko — k1) + 1Bk, (k1 x ko) - u,
i pg,—x0 (K1, k2) = . [z - (ke ] 28y (K 2) . (5.54)

2 ko Ey, Ex,
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Finally, in the conditions A\; = —\4, A2 = —A3 we have:

ki - ko <>\1)\2Ek1 Ek2 + m2)
Kt k3

1 kiko
Fxixa,=2a,—\ (k1,k2) =

== 1+
2 Fx, P,

_|_

1m(k2 X kl) . uz()\lEkl =+ )\QEkz)
+ k2 k2 .
12

(5-55)

When \; = —)\4 and Ay = A3 we have the following symmetry:

F;1A2A3A4 (k1> k2) = ¢T)\2 (k2)¢/\1 (k1)¢TA4 (kl)a ¢)\3 (kZ)
= F>\2>\1/\4/\3 (k27 kl) ) (556)

that is, in expression (5.55) we have an identity upon the exchange of indexes A\; <> Ao,
k1 <~ k2.

5.B. The Bethe-Salpeter kernel

In this appendix we give the explicit forms of the BSE kernel. Firstly, from equation
(5.18) we have:

1
Bra(t) = -3 Z V(lk—al) [pf\T(% EF _onk,a) +p7(a, ) F ok, Q)] :
q

(5.57)
For the homogeneous case we only consider the first term in the previous equation
and choose with A = —, which corresponds to the resonant term. Thus we have the
BSE kernel reading:

Using the expression (5.55) for the {7, _ _(k, q), and the Keldysh potential (5.4), and
after the angular decomposition

ST °n do i ST
TK (ka q) = /0 %6 (Z+1)0K— (ka q, 0)7 (559)

we have the corresponding kernel T;T(k, q):

a ¢ k¢

T;T(ka Q) = _471_5 E 2EkE [If(kv Q) + CS—T(k:, q)lf+1(k7 Q) + Cj—q—(k‘? q)IZ—l(k’ Q) )
m q
(5.60)
where we have defined:
o i(¢+1)6 4q0
Ii(k,q) = / dfe! : (5.61)
o= | D128 Do (®) T 10) >

87



1
T (k,q) = o [EFTEST +m2, £ me (B + EJ7)], (5.62)

and

Prg(0) = V@ + k2 — 2kq cos 6, (5.63)

where o &~ 1/137 is the fine structure constant and c is the speed of light.
For the kernel in the non-homogeneous BSE, we write the renormalization of Rabi
frequency as:

BE(t) = — / (Qﬁ;vak Q)P (@) (0 w) +

~ [ Bk aDFhs sl @ (@) 60

Thus, we have two kernels to consider:
KT = V(k - al) Pk @), (5.652)

K = V(k — ) F*Y_a(k,q) - (5.65b)

Note that, in this case and contrary to the homogeneous BSE, we have to keep both
terms in the renormalization of the Rabi frequency, as otherwise the real part of the
optical conductivity would not have the correct positive sign. That is because both
the resonant and off-resonance terms contribute to the optical conductivity, as is well
known in the non-interacting case. Proceeding as before, the angular decomposition
(5.59) of the kernels leads to:

Ty (k,q) = CFF, | Te(k, ) + /2T (k, @) o1 (K, @) + 37 (k, @) L1 (K, 4) | {5.66)

with
a ¢ k¢
Cilg=— — 6
B0 ey, vp 2B BT (5:67)
and
1
N (ks 0) = o [BRTETT +mis 4 Amar (BT + EJT)] (5.68)
; 1
G (k) = g [FETEY +ml £ dmae (BT )], (560)

where A = + and N = — ), and I;(k, q) is defined in equation (5.61).
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5.C. Exchange correction around the I" point

From equation (3.31), the exchange self-energy correction to the transition energy
between bands ¢ and j is:

SHk) =S5 V(g ZTLA (k —a) [Fini(k,k —a) — Fja(k,k—q)].  (5.70)

Neglecting temperature and doping effects, for the three band-model of reference
[119], the only term that contributes to the exchange self-energy is the one with A = 0
(the valence band):

Yii(a)=S Z V(q) [Fiooi(k, k — q) — Fjoo;(k, k — q)]. (5.71)

and we make i = 1,2 and j = 0.
To remove the integrable divergence at ¢ = 0, that comes from the Keldysh poten-
tial, we use polar coordinates leading to the need of computing the following integral

>

where Ql<k7 q, 0) = Fiogi(k, k — q) — Fogoo(k, k — q) and q0 reads

(j+1)m/3 d9 qo sec(0—m/6—j7/3) d
-/ PV )Qika0) (572
J

w/3 2m

_ 27 ( )
qo0 0 /3 5.73
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DISORDER IN PHOTONIC CRYSTALS

6.1. Introduction

Graphene is a promising candidate to overcome one of the major existing hurdles to
bring optics and electronics together, namely the efficient conversion between opti-
cal and electronic signals. Indeed, this can be facilitated by the fact that graphene
enables strong, electric field-tunable optical transitions, and resonantly enhances
light-mater interactions in sub-wavelength volumes. In practice this can be achieved,
for instance, by integrating a graphene layer into a photonic crystal nanocavity [146].
The presence of graphene also allows for an efficient electro-optical modulation of
photonic crystals nanocavities by electrostatic gating [147, 148]. However, the inte-
gration of graphene into photonic crystals is naturally prone to unavoidable disorder
associated to the fabrication process. This constitutes per se a motivation to investi-
gate the effects of disorder in photonic crystals containing graphene layers which. In
addition to this technological and practical motivation, there is a very fundamental
one as well, namely to understand the impact of graphene on Anderson localization
of light.

The concept of Anderson localization (AL) was originally conceived in the realm
of condensed matter physics as a disorder driven metal-insulator transition [149].
Being an interference wave phenomenon, this concept has been extended to light
[150], acoustic waves [151], and even Bose-Einstein condensed matter waves [152]. As
a result, Anderson localization is today a truly interdisciplinary topic, and important
contributions have emerged from different areas, ranging from condensed matter,
photonics, acoustics, atomic physics, and seismology [153]. Dimensionality is crucial
to AL, and in 1D the vast majority of states is exponentially localised on a length
scale given by the localization length &, regardless of the disorder strength. In optical
systems exceptions do exist, and delocalised modes may occur in low-dimensional
systems as a result of the presence of correlations [154], necklace modes [155], or
metamaterials with negative refraction [156, 157, 158]. The question of whether these
anomalies occur when graphene is integrated into disordered optical superlattices
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6. DISORDER IN PHOTONIC CRYSTALS

remains an open question.

Bearing in mind both these technological and fundamental motivations, in the
present chapter we undertake an analytical and numerical investigation of Anderson
localization of light in one-dimensional disordered superlattices composed of dielec-
tric stacks with graphene layers in between, as depicted in Fig. 6.1. We consider two
possible, realistic ways to model disorder: compositional and structural disorder. In
the former case disorder is introduced in graphene’s material parameters, such as the
Fermi energy, whereas in the latter the dielectric components of the superlattice have
random widths. In both cases, we derive an analytic expression for the localization
length £, and compare it to numerical simulations using a transfer matrix technique;
an overall very good agreement is found. In the case where the medium impedances
match, we find that £ exhibits an oscillatory behaviour as a function of frequency w,
in contrast to the usual asymptotic decay ¢ o w™2. We demonstrate that graphene
may strongly suppress the anomalously delocalised Brewster modes, as it induces
additional reflexions at the superlattice interfaces. We also investigate the effects of
inter and intraband transitions of the graphene conductivity on &, identifying the
regimes where Anderson localization and absorption dominates light transmission.

This chapter is organised as follows. In Sec. II we present the analytical results,
where we derive an expression for the localization length of disordered superlattices
containing graphene sheets. In Sec. Il we present and discuss the numerical simula-
tions, based on transfer matrix technique, which are also compared to the analytical
calculations. Finally, Sec. IV is devoted to the concluding remarks. We also present
a number of appendices giving the details of the calculations and aiming at making
the text as self-contained as possible. To our best knowledge, there are only two pub-
lished papers[i59, 160] dealing with similar problems to the one we consider in this
chapter, but in the context a metals, in which case only Drude’s conductivity plays a
role.

Graphene

4/k’/ \

-1
Light

Figure 6.1.: Schematic representation of the system, a photonic crystal whose unit cell is:
graphene/dielectric 1/graphene/dielectric 2.
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6.2. Analytical calculation of the localization length

Light propagation in a 1D superlattice containing graphene layers (Fig. 6.1) is mod-
elled by the transfer matrix formalism [161]. The M™ = {m]} transfer matrix con-
nects the fields at the right of the n—th unit cell to those at left according to:

Pt = My, (6.1)
where " = [y 7] T, and ¢} (¢}) refers to the right (left) propagating field in
the n—th cell. For transverse electric (TE) and transvere magnetic (TM) modes,
refers to the electric and magnetic field, respectively. We consider the particular case
where det M"™ = 1, which occurs for systems with preserved time reversal symmetry
[161]. In this case, one can show that M™ may be written as

M — < coshgfe'®s  sinh¢fe'® > (6.2)

sinh ¢fe =i cosh e~z
where ¢! are parameters that depend on the composition of the n—th cell. (from
here on we omit the n dependence in ¢;, except when strictly necessary to avoid any
confusion.) For periodic systems with preserved time-reversed symmetry, ¢; are real
numbers and all the M™’s are equal. We thus write M" = M. One can write the
photonic dispersion relation [161] as cos g = (mY; +m9,)/2, where

cos g = cosh ¢Y cos ¢ . (6.3)
Disorder is introduced in the parameters ¢;:

bi = OF + 8¢ (6.4)

where §¢; describes random fluctuations around the average value, and which may
have different origins, as it will be detailed later in the chapter. For a periodic sys-
tem, a transformation M anst = Meircle Mreal (s€€ appendix 6.A) exists that maps the
variables @ZJ%’ ; into a new set of variables, denoted by @, and P, such that X T —
Q™ PMT = Miyanst[¥0% ¥7]T. These new variables describe a circle in phase space
[162], with radius \/Q2 + P2 proportional to the electric field amplitude. Applying
this transformation to Eq. (6.1), the transformed matrix M’ = ManseM™M 1 (reads

trans

1 (En Fn
where:
E, = cosh @ cospo — sinh ¢q sin d¢s, (6.6)
F, = —v?(cosh ¢ sin ¢y + sinh ¢ cosdgs) , (6.7)
Gn = v ?(cosh¢sin ¢y — sinh ¢y cos d¢h3) (6.8)
H, = cosh @ cospy + sinh ¢y sin d¢3. (6.9)
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with v and 7 defined in appendix 6.A. When ¢; = ¢?, we have §¢3 = 0 and Egs.
(6.6)-(6.9) lead to E,, = H,, = cosg and F,, = —G,, = sing. When weak disorder
is introduced, the trajectory of the points (Q,,, P,) results in a perturbation of the
circle. The recurrence equations defined by X"*! = M’X™ are similar to a Hamil-
tonian map of the classical harmonic oscillator subjected to a parametric impulsive
force[163], where @,, and P, are the coordinate and conjugated moments, respec-
tively, and g is the phase between successive kicks.

The presence of disorder introduces a key length scale, the localization length &.
In 1D electronic systems all eigenmodes are exponentially localised, although some
exceptions do exist in the realm of optical systems [156, 157, 158, 155] (see Introduc-
tion). The length ¢ characterises the exponential decay of the eigenfunctions and is
defined in terms of the reciprocal of the Lyapunov exponent A. In 1D A can be written

w%—i—l

as [161, 162]: ,
A= % <1n w% > ) (6.10)

In Eq. (6.10) the brackets denote averaging over both ensembles and the system unit
cells, while the usual definition of the localization length considers only averages
over ensembles [161]. The two definitions are equivalent. The relation between A
and £ is:

Re) = Z (6.11)

where d is the mean length of the unit cell. The advantage of the approach based on
the parameters P, and @, is that we can use polar (or action-angles) coordinates:

P, =R, sin®,,
Qn = R, cos O, . (6.12)

Without disorder, R, is a constant and O,, increases by minus the Bloch phase, —g,
as we move from unit cell to unit cell. With disorder, the radius R,, changes in every
step, with R, ;1 a function of R,,, ©,, and of the matrix elements of M"™. The angle
©,,+1 only depends on ©,, and M". For weak disorder a recurrence equation (6.48)
exists that, in the continuum limit, becomes a stochastic Ito equation which has a
corresponding Fokker-Planck equation [164] . In this case, the first approximation
for the density probability function of ©,, is uniform in the interval [0, 27| for g #
0,7/2,.

Writing Eq. (6.10) in terms of R and ©, and averaging over © with uniform density
probability, we obtain, up to second order in §¢;:

1

1
Lyz- 41@?> | (613)

1
A\ = 3 <Y1 + Y5 cos20,, + Y3sin20,, — 1

where Y;, with i = 1,2, 3 are defined in Appendix 6.B and depend on the matrix
elements M".
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In the following sections we will study the propagation of light through a disor-
dered structure of alternating graphene sheets and dielectric layers. In this case
each propagation matrix M" is determined by the widths z;, the incidence angle
0;, the dielectric material parameters y; and ¢;, and the graphene conductivity o. In
the present work we focus on the cases where disorder is present in the widths of the
stacks (structural disorder) and on graphene conductivities (compositional disorder).
Both are realistic situations that may occur in the fabrication of these structures.

For the type of structural disorder studied here the width of each layer i of the n'
cell is a random variable

2i(n) = 2 + Gi(n), (6.14)

where (; are uncorrelated random variables with zero mean and mean standard de-
viation 4;:

{[Gi(m)]?) = o7, (6.15)

29 is the mean width of the i slab.
In the case of compositional disorder, the Fermi energy Er is a random variable
in each layer n

Ep(n)/h=uwp(n) =wp + (r(n), (6.16)

with (r a random variable with zero mean and (¢%) = s%. This determines how the
graphene conductivity, given in Appendix B, is affected by disorder.

In the next section we derive analytical expressions for A (Eq. 6.13) in different
regimes. To this end, we need to map ¢; in the system variables, calculate the differ-
entials ;, and use the results given in Appendix 6.B.

6.2.1. UNIT CELL MADE OF TWO DIFFERENT DIELECTRIC MATERIALS
AND A GRAPHENE SHEET AT THE INTERFACE

We consider a disordered superlattice composed of dielectric bilayers with a graphene
sheet in between. The transfer matrix for the n unit cell is given by M" = {m;} and
is explicitly derived in Appendix G.1.

To proceed with the calculation of the Lyapunov exponent it is necessary to map
the system parameters of the transfer matrix (G.1) into the parametric matrix (6.2).
There is not a unique way of doing this, but in what follows we make the simplest
choice.

DISORDERED PHOTONIC SUPER LATTICE WITHOUT GRAPHENE

To model a disordered photonic super-lattice without the graphene layer we put
f = 0in Eq. (G.1) and map ¢; into the system parameters a7, as, X, A (defined in
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Appendix G):

sinh¢y = A%sinag,
b2
¢3 = a1 +7/2, (6.17)

aq + arctan (x* tan ag) ,

where z =TE,TM. According to this mapping we can replace ¢; in the expressions for
Y; in Appendix 6.B and calculate the differentials d¢; using Eq. (6.14) with ¢; < z?.
This will enable us to compute the Lyapunov exponent, given by Eq. (6.13); the final
result is

A2

A= ——
2sin’ g

(sin2 ag k3 92 + sin? ag k3 J%) , (6.18)
which agrees with the result of Ref. [162] for uncorrelated disorder. The described
procedure is repeated to calculate the Lyapunov exponents in the next sections.

DISORDERED SUPERLATTICE CONTAINING GRAPHENE LAYERS

The presence of graphene at the interface between the dielectrics results in a discon-
tinuity in the tangential component of the magnetic field. The role of graphene on
the optical properties of the superlattice increases as the value of the dimensionless
parameter 37 f increases, with f = ocfp/2 and 57 given in Appendix G. We are in-
terested in the lossless regime in which the Bloch phase g, given by Eq. (G.3), is real.
This regime sets up when (i) o (and therefore f) is a pure complex number and 6;,
with i = 1,2, is a pure real number; or (ii) o is a pure real number so that evanescent
propagation occurs in one of the layers.

In the first case, we define B* = iB* (see Appendix G), where B is real, and we
map the parameters ¢; in:

sinh¢g; = —BYcosas + (A — D¥)sinagy,
¢y = a1+ arg [A:_'f_ cos ag + i(x + C%) sin Oég] ,
¢3 = ai+m/2. (6.19)

Following the procedure of Sec. 6.2.1, the Lyapunov exponent is given by:

1
A= ——— (K3kist + Kik3s3), (6.20)
2sin“ g
where:
K = —=2f\*(35 cosag + [—A + 2f2)\x51$52w} sin o, (6.21)

and f = if, K, is obtained by interchanging 1 <+ 2and A — —A. Notice that if one
plugs Eq. (6.21) with f = 0 into Eq. (6.20), Eq. (6.18) is obtained, as it should be.
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6.2.2. UNIT CELL MADE OF ONE DIELECTRIC MATERIAL AND A
GRAPHENE SHEET AT THE INTERFACE

For systems composed of bilayers of the same dielectric material with a graphene
sheet in between, it is much easier to calculate the transfer matrix, which is given in
Eq. (G.6). In this case, the ¢; parameters read

sinhg; = —\"B"f,
¢2 = G,
¢3 = a+m/2, (6.22)

Using Eq. (6.13) and the results of the Appendix 6.B we calculate the Lyapunov expo-
nent for structures containing both random graphene conductivities (compositional
disorder) and random widths (structural disorder), as detailed in the following.

COMPOSITIONAL DISORDER

Using the same procedure of subsection 6.2.1, we obtain the Lyapunov exponent:

1 (sin2a _, ma, 2
)\:5 B 5 %9 ) (6.23)

sin 2¢g

where a. is the fine structure constant and o, is the mean standard deviation of the
normalized graphene conductivity

2= (6.24)

STRUCTURAL DISORDER

For structural disorder where the stacks’ widths are given by Eq. (6.14), the Lyapunov
exponent reads
72372122

A
2sin? g

(6.25)
This concludes the analytical part of our work, which shall be compared to numer-

ical simulations in the following section.

6.3. Numerical Simulations: Results and Discussions

6.3.1. SIMULATION PROCEDURE

The numerical calculations are based on the transfer matrix method; the total trans-
fer matrix for light propagating in a N-layered system is

M =1_ M. (6.26)

97



where the elements of M™ are given by Eq. (G.1). Transmission is calculated by
applying the boundary condition related to the fact that there is no incoming wave
from the left:

g (6.27)
[maal
and the localization length ¢ is calculated by:
L 1
7 = 3D, (6.28)

where L = Nd and N is the total number of unit cells with mean width d. The
length L is chosen to be large enough to ensure the numerical calculation of the
localization length converges. In the numerical procedure we first generate random
variables (; (or (r) [see Egs. (6.14) and (6.16)] from a uniform distribution, and then
calculate the transfer matrix using Eq. (6.26). With the help of the results introduced
in Appendix G, we obtain the localization length using Eq. (6.28). The procedure is
repeated over 7gmples and the mean value of the localization length is calculated.
We have verified that, for a sufficiently large NV, the value of ¢ calculated for a single
disorder realisation coincides with its average over many disorder realisations for
smaller systems; in other words, we have verified that ¢ is a self-averaging quantity.
Further details of the transfer matrix method are given in Appendix G.

6.3.2. RESULTS

Light transmission depends on the graphene conductivity ¢ and on the medium
impedances, defined as ( see Appendix G):

7 = VI oy, 7 = VI (6.20)
i i

We shall focus in the lossless regime with Smcosg = 0 and Recosg < 1. From
Eq. (G.3), this regime occurs whenever f (and consequently o) is a pure complex
number or for So = 0, in which case one of the slabs supports a evanescent mode.
When the Drude term dominates, the imaginary part of the conductivity is positive
(see Appendix B). For frequencies slightly below 2w, the inter-band term dominates
and the imaginary part of the conductivity is negative (see Appendix B). When the
frequency becomes larger than 2w, the imaginary part goes to zero and the real part
tends to og = €2 /4h.

In the following numerical calculations, random variables have a uniform distri-
bution with {, € [-Y,/2, T;/2], with x = 1, 2 for structural disorder and x = F' for
compositional disorder.
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6.3.3. DRUDE REGIME WHEN: Reo ~ 0, Smo > 0

When wpy < w? < w? (where v is the broadening entering in the conductivity),
graphene conductivity can be approximated by (see Appendix B.105):

4

o= iag—w—F. (6.30)

T W
For Er =~ 0.3 eV (a typical value for the graphene Fermi energy), the range of fre-
quencies corresponds to the infrared spectral regime. In the following we focus in
three regimes: impedance matching in the double layered system [Z; = Z», in Eq.
(6.29)] with structural disorder, compositional disorder in one layered system, and
the attenuated field regime (ATR) with structural disorder.

IMPEDANCE MATCHING IN TWO-LAYERED SYSTEM WITH STRUCTURAL DISORDER

Using the Snell-Descartes law, Eq. (G.2), and the impedances in Appendix G, one
can verify that for materials without magnetic response (11 = ps = 1), there is
no TE mode that allows the impedance matching. In the TM mode the impedance
matching occurs when the angle of incidence in layer 1 obeys the relation sin? §; =
g9/ (e1 + €2), for g1 # 9.

When Z; = Z, 8; = 3, it follows from Egs. (6.20) and Eq. (6.21) that:

~ 2 9
4 xX
A=2 (fﬁwF> Z €ijui COS° v oS> 92-022, (6.31)
i=1

mesin g

where we neglected the term f2 in comparison to f (which in the Drude regime is
always valid for a sufficient large w). In this case, in Fig. 6.2b the localization length
¢ is calculated, both analytically and numerically, as a function of frequency. The
dispersion relation is also shown in Fig. 6.2a. It is important to point out that the
agreement between the analytical and numerical calculations is very good, except
when g approach 0 or 7. This is due to the fact that, in the analytical derivation of
the Lyapunov exponent, the recurrence equation (6.48) is ill defined at these points,
so that the distribution of random variables is not uniform. Remarkably, Fig. 6.2b
reveals that in the impedance matching regime, £ does not follow the well-known
asymptotic power law w=2 behaviour for low frequencies. Rather, ¢ exhibits a pe-
riodic dependence on w for low frequencies, a result that is intrinsically related to
the graphene conductivity properties. Indeed, it can be explained by the fact that
the linear increase of the wavenumber with frequency is cancelled by the simulta-
neous decrease of graphene’s conductivity (Drude term, see Eq. 6.30), which scales
with 1/w. The periodicity in £ follows from the periodicity in the dispersion relation,
shown in Fig. 6.2a. For the lossy and Drude regimes, £ approaches the same value as
the frequency increases, and the real part of the Drude conductivity goes to zero.
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6. DISORDER IN PHOTONIC CRYSTALS

Figure 6.3 shows ¢ as a function of frequency for two different values of the inci-
dence angle 6. It reveals that the presence of graphene layers has also an important
effect in the so-called Brewster modes in disordered systems. In 1D disordered op-
tical systems, the so-called Brewster modes occur at some specific frequencies and
incident angles for which ¢ reaches anomalously high values, larger than the sys-
tem size [165, 156]. For non-magnetic (u; = po = 1) superlattices made of positive
refractive-index media, these anomalously delocalised modes arise from the suppres-
sion of reflexion at the interfaces of a 1D disordered system illuminated by a TM
incident wave [165, 156]. As a result, the system becomes fully transparent. The pres-
ence of graphene induces additional reflections at each interface of the superlattice,
resulting in an attenuation of this Brewster mode, as it can be seen from fig. 6.4.
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=
3, 0-50
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10% i al ",
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10? 1 L1 1 1
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23.0 23.2 23.4 23.6 23.8 24.0 24.2 24.4
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Figure 6.2.: (a) Dispersion relation in the impedance matching regime and TM mode. (b) Localization
length as a function of frequency with T; = 5um, 22 = 1.2mm, Er = 0.2 &V, hy =
260ueV, N = 5000, nsamples = 100, €1 = p1 = p2 = 1, e2 = 3, 6 = 7/3.The blue solid
line in (b) is the analytical result, whereas the dots and dashed line correspond to two
different numerical simulations for different regimes of the optical conductivity of graphene:
(i) o = Smop (red points) and (ii) o = op + o1 (green dashed line).

ATR REGIME IN ONE-LAYERED SYSTEM

The plasmon-polariton mode in graphene can be excited for example, by a prism in
the Otto configuration [166]. This is the regime we will explore in this section. We
consider a periodic array of graphene/air unit cells (medium 2) in between a dielec-
tric (medium 1). In this case the total transfer matrix M is obtained considering the

100



6.3. NUMERICAL SIMULATIONS: RESULTS AND DISCUSSIONS

i
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Figure 6.3.: Localization length as a function of frequency in the impedance matched regime for two
values of incidence angle: 6 = 60° (blue line), § = 45° (red line). Y; = 0.5um, z) =
120pm, Er = 0.2 eV, hy = 0peV, N = 5000, nsamples = 100.

boundaries between the prism and the superlattice:

M = M2 H(Mg) M1, (6.32)
J

where M _,, refers to the transfer matrix describing light propagation from the medium
1 (dielectric) to medium 2 (air); M_,; refers to the reverse propagation. A is the
transfer matrix of the unit cell air/graphene with random widths (medium 2).

From Eq. (G.7) one can see that for the evanescent mode « is a pure complex num-
ber and the first term in the right hand side becomes a hyperbolic cosine, which is
greater than 1 for any «. As a result, the Bloch phase is real only if the second term in
the right hand side of G.7 is negative. This situation occurs for pure positive complex
f;in this case 3 is also a pure positive complex number, which is only possible in the
TM mode [see Egs. (6.33) and (G.4)].

For an incidence angle 6; above the critical angle for total reflection at the interface
1/2, a plasmon-polariton can be excited, allowing for frustrated total internal reflec-
tion. In this case light propagation occurs due to the presence of periodic graphene
sheets. The effective impedance in the medium 2 depends on the properties of the

layer 1 as:
ZIE i g (6.33)
2 9 2 €9 33
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Figure 6.4.: Localization length as a function of incidence angle in the impedance matched regime at
the vicinities of a Brewster mode. Y; = 50um, 20 = 120pum, N = 5000, Nsamples = 100.
The blue line corresponds to the grapheneless case; blue line correspond to the case where
graphene is present in the superlattice (Er = 0.2 €V and iy = 0eV.)

where

K =\/e1p1sin 01 — eopun. (6.34)

In Fig. 6.5 the localization length is calculated in the ATR regime using both nu-
merical and analytical methods; the agreement is excellent. In the Drude regime &
is inversely proportional to the Fermi energy. Also shown is the localization length
when the dielectric necessary to excite the ATR field is removed; we call this situa-
tion the normal field. The ATR field is characterized by exponentials with argument
+wkz/c. When the frequency increases and the length ¢/xw becomes smaller than
the width z of the dielectric slab (air in this case) light propagation comes to a halt,
as the plasmon-polariton localized in a graphene layer cannot excite the adjacent
layer. We can see that the ATR for the parameters of Fig. 6.5 fills the band gap of the
normal field. Also the increase of disorder implies in the decrease of £, as expected.

Notice that ignoring the interband term and making Er = 0 is equivalent to re-
move the graphene sheets, therefore making disorder in random widths of air mean-
ingless. Hence the localization length diverges, as can be seen in Eq. (6.25), where
o — 0 implies in a vanishing Lyapunov exponent.

ONE LAYER SYSTEM WITH COMPOSITIONAL DISORDER

In the compositional disorder regime and for the one layered system, £ decreases as (3
increases. For the TE mode, 5 can only be greater than 1 for materials with magnetic
response, 1 > 1. For the TM mode, 5 is proportional to the dielectric constant and
to cos 0, thus for grazing incidence, the system becomes fully opaque.

In the Drude regime the asymptotic behaviour of the localization length goes as
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Figure 6.5.: (a) Dispersion relation for the ATR regime (red) and for normal field (blue). (b) Lo-
calization length as a function of frequency for 2° = 12um, Er = 0.1 &V, 61 = 7/3,
€1 = 2,u1 = p2 = 1 = 1, N = 50000, nsamples = 1. The purple circles (green squares)
and red diamonds (blue triangles) refer to the ATR (normal) field with T = 0.5um and
YT = 5um, respectively. The cyan and red lines refer to the analytical approximation.

w?. This can be understood as follows: as the frequency increases the graphene con-
ductivity decreases as w~! and thus the influence of the graphene layer disappears.

The effect of compositional disorder is shown in Fig. 6.6, where the Fermi energy
is randomly distributed around the mean value EY = 0.6 eV. ¢ is inversely propor-
tional to the mean standard deviation of the Fermi energy. We study the effect of
increasing absorption in graphene layers, which depends on the real part of the con-
ductivity and is proportional to the relaxation rate 7. The length ¢ decays rapidly
when the frequency reaches 2wp, and interband transitions start to occur, an effect
that may be related either to absorption or to Anderson localization. The numerical
calculation is performed with the full graphene conductivity (Drude plus interband)
and then compared to the case where only the Drude term is present. The analytical
approximation is calculated with the Drude term only, and agrees very well with the
numerical simulation except at the band edges g = 0,7/2, 7. As already discussed,
this disagreement is related to the fact that the probability distribution of ©,, is not
uniform for these values of g. The analytical approximation has a peak at g = 7/2
(see denominator of Eq. 6.23). The numerical calculations show that near the band
gap (g = 0, 7 see Eq. 6.23) £ goes to zero, and the peak at g = 7/2 does not occur.
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6. DISORDER IN PHOTONIC CRYSTALS
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Figure 6.6.: (a) Real and imaginary parts of the graphene optical conductivity in the compositional
disordered case, 0 = op+o7, and the Drude conductivity op when v = 0. (b) Localization
length as a function of frequency with 2° = 1.2um, § = /4, e = p =1, E% = 0.6 &V,
Tr = 0.12 &V, N = 5000 and increasing relaxation rate 7. wr ~ 3 x 10'* Hz. The
blue triangles (and solid blue line) refer to a calculation where only the Drude conductivity
with v = 0 is used. The other data sets refer to the use of the full optical conductivity of
graphene with different ~ values.

6.3.4. COMPLEX INTERBAND REGIME WHEN: Reo ~ 0, Smo < 0

When w < 2wp, the imaginary part of the optical conductivity of graphene becomes
negative and can be approximated by

o=o]+ iaoéw—F, (6.35)
T W

where o7 is given by Eq. (B.107). In this case the imaginary part of o becomes nega-
tive, and the ratio between the imaginary and real parts of ¢ becomes lower than in
the Drude regime for typical values of v and Er. Therefore, in this case the exponen-
tial decay of transmission is essentially due to absorption rather than to Anderson
localization. Therefore, in this case, our approach for studying Anderson localization
using the localization length is inadequate. It is worth commenting that experimen-
tally it is possible to distinguish between absorption and Anderson localization by
investigating the variance of the normalized total transmission, as proposed in Ref.
[167]. For a one-layered system in the ATR regime with transfer matrix given by Eq.

104



(G.6), the change in the sign of f has qualitatively the same effect in the dispersion
relation (G.7) of interchanging TE and TM modes, which changes the sign of /.

When the frequency becomes larger than 2w, the real part of the conductivity ap-
proachs oy while the imaginary part vanishs. In this regime, the role of the graphene
sheets consists, essentially, in absorbing light leading to a vanishing transmission
after few stacks.

6.4. Conclusions

In conclusion, we have investigated light propagation in 1D disordered superlattices
composed of dielectric stacks and graphene sheets in between. We introduced dis-
order either in the graphene material parameters (compositional disorder), such as
the Fermi energy, or in the widths of the dielectric stacks (structural disorder). For
both cases we derived an analytical expression for the localization length ¢ and com-
pared the results with numerical calculations based on the transfer matrix method. A
very good agreement between numerics and the analytical expression was found. We
demonstrated that, for structural disorder and when the impedances of the layers are
equal, the localization length does not follow the well-known asymptotic behaviour
¢ o w™2. Rather, it exhibits an oscillatory dependence on frequency, as a result of
the presence of the Drude term in the graphene conductivity. Also in the impedance
matching regime, we show that graphene has an important impact on the Brewster
modes, anomalously delocalised modes at given frequencies and incident angles at
which ¢ diverges. Indeed, the presence of graphene induces additional reflections in-
side the disordered medium, leading to a strong attenuation of the Brewster modes.
We investigated how intra and interband transitions in the graphene conductivity
impact on &, identifying the regimes where Anderson localization and absorption
dominates light transmission. Altogether, our findings unveil the role of graphene
on Anderson localization of light, paving the way for the design of graphene-based,
disordered photonic devices in the THz spectral range.

6.A. Matrix transformation

The relation 1)"*! = M"™y)" can be interpreted as a discrete set of points in the phase
space g, ¥r. With the transformation M ¢,;:

1/1-1 1+1
the matrix Moy M™M r;all is now real, and defining ¢'" = M,%", we have in the

phase space ¢/, ¢/, that in the system without disorder the trajectory is given by a
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ellipse. From this we can find a transformation M. to a circle:

M . v lcosT vsin T
circle —v lsint  wcosT)’
where:
2 _ sin g
cosh ¢? sin ¢9 + sinh ¢
0
LT _ 9
4 2’

and making [Q P]T = Mire?'

Qn) _ [ v lcosT vsinT\ [z
P, —v tsinT vCoST ) \Yn /)’

6.B. Lyapunov Exponent

The Lyapunov exponent is given by:

1 1 1
A\ = 3 <Y1 + Y5 cos20,, + Y3sin 20,, — 1Y22 - 4Y32> )
where 1
o= 0008+ U+ U+ Uit

with:

U1 = 2 Sin2 ng,

Uy = 2sinh?¢?cos?yg,

U3 = 2 Sinh2 (1] Sin2 9,

Us = —sinh 2¢>(1) sin 2</5(2],

Yo = [~2sin ¢35¢1 + cos @9 sinh 267 (6 — d¢3)]

2sinh o (cos2 g0y + sin? gégf)g) — cos g sin ¢95¢,
—sing ’

3 =
the angle © obeys the recurrence equation:
On+1 =0, —g+eycscy,

with:

(637)

(6.38)

(639)

(6.40)

(6.41)

(6.42)
(6.43)
(6.44)
(6.45)

(6.46)

(6.47)

(6.48)

€n, = [cos g sinh #)5¢o — sin ¢8(5¢1] cos (20,, — g) + sinh ¢9 cos g sin(20,, — 9)d¢s.
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CONCLUDING REMARKS

“To go past the Bojador, one must go beyond pain”, as Fernando Pessoa said. During
the Middle Ages seafarers believed that beyond the african cape Bojador, the world
ended in boiling seas inhabited by monstrous mythic creatures. Only after a series
of voyages by brave Portuguese navigators those ungrounded beliefs were dissipated,
the Discovery Age began, and slowly all the world would be connected. It is possible
to make a parallel with the 2D material field: the Mermin-Wagner theorem stated
that phonon fluctuations would destroy any long-range order in a crystalline mem-
brane. However, in 2004, Geim and Novoselov discovered a single atomic layer of
carbon from exfoliation of graphite. As the expedition to go beyond the cape Bo-
jador opened the gates for new maritme routes around all the world, the synthesis of
graphene started the search for other two-dimensional materials. As a consequence,
dozens of new 2D materials were discovered and a lot more were predicted. This re-
cent discovered two-dimensional world can be seen as a playground both to discover
new physical effects and to create novel technological devices.

This thesis explored a small bit of this new world, focusing on the relation between
light and 2D materials. We went from a microscopic view, studying non-equilibrium
distribution in graphene and excitons in transition metal dichalcogenides, to macro-
scopic properties, the passage of light through a disordered array of dielectrics and
graphene sheets. The interplay of quantum and classical description in this field
of research is a beautiful way to see that “physics is only one”. The tools developed
throughout this thesis are as important as the choice of problems to study. They are
not meant to be an end in itself: the author intention is to go far beyond where this
thesis finishes in search of uncharted seas. To quote Pessoa again: “God gave the sea
the danger and the abyss, but it was in it that He mirrored the sky’.
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TIGHT-BINDING MODEL OF
GRAPHENE

The graphene tight-binding Hamiltonian, considering nearest neighbors only, in sec-
ond quantization reads [168]:

= "tk br,+s, +hec, (AJ)

\n
where &Ln and bg,, 15, obey anti-commutation relations and ; are the nearest neigh-
bors vectors connecting an atom in sub-lattice A to another one in sub-lattice B. We

can define the Fourier transform as:

1 .
ax = rzeilk'R"&Rn, (A.2a)
i)k = _lk (Rn+9; )bRn+5iv (AZb)
I
with the inverse transform:
ar, = ek Bng (A.3a)
¢ kel1B.Z.
> 1 ik-(Rn+8:)7
bR, 1o, = = Z el b, (A.3b)
kc1B.Z

where the sum over n is performed over the entire lattice and the sum in k is per-
formed over the first Brillouin zone.
After a Bogoliubov transformation the basis that diagonalize H is:

eiﬁok

=" (&k n eiekék) , (A.42)
b = e\ig (dk - 6i@k3k) 7 (A.4b)
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and the inverse transformation reads:

ax = 6:;; (k + CZk) : (A.52)
be = 6_%\/%_@}‘ (ék _ a?k) , (A.5b)

where ¢y is a global arbitrary phase. The phase Oy is the argument of

3

b= ero, (A.6)

=1

that is, © = arg ¢x. In the basis (A.4) the Hamiltonian Hy is written as:
IA{O = Z Ek (éLék — Jlidk) . (A7)
k

where the eigenvalue is:
Ex = trp|o(k)|- (A.8)

For writing the interaction term with the electric field, H; = ¢E- R, we need the
position operator written as:

Ry = ) Ryak ar,, (A.9a)
n

RB - Z (Rn + 61) B;n—l-él [;Rn+517 (A9b)

n

which in the basis given by Eq. (A.4) it reads:

(2

)21 : _ ; _ R R A A
R = —2N>a2 > (Vb (@] erra=a [(14 e O@uta=) (of | ey +df, i) +
cY( k

4 (1 _ ei(9k+q_®k)) (é{ﬂ_q({k + azL_i_qék)} ;
(A.10)

where ¢ (q) is the Dirac delta-function of zero momentum. The dipole-coupling
Hamiltonian H; = €& - R is written as:

. . . . ViOxk . .
Hp=e&- § |:1vk (nc,k + nv,k) + k2 k (pcv,k + pvc,k):| ) (A.ll)
k
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Figure A.1l.: Graphene crystal lattice. A and B are carbons in different sublattices. The blue vectors a1,
ap are primitive vectors and the red vectors d;, i = 1,2, 3 are the three possible choices

of basis vector.

where we have defined:

Nek
ﬁmk
ﬁmuk

ﬁvqk

Pk+q

EXPRESSIONS FOR THE GRADIENT OF THE PHASE @k

(A.12a)
(A.12b)
(A.12¢)
(Aa2d)

(Aaz2e)

In this subsection we present some useful functions that appear in the Chapter 4.
First we recall the function defined in Eq. (A.6):

3
Pk ::Ez:ék6j7
Jj=1

(A13)
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where we have used the following choice of vectors for the orientation of the nearest
neighbor hopping (see Fig. A.1):

51 = aO(la O)a (A~14a)
62 = ao/2(~1,-V3). (A4b)
d3 = ap/2 (—1, \/3) : (A.140)

With this choice of vectors, the eigenvalues of H, are the solution of:

2
<Ek> =1+ 4cos <3k:x> cos <\/§ky) + 4 cos? (ﬁky> , (A.14d)
lre 2 2 2

and the Oy function (the argument of ¢y ) is written as:

sin k, — 2sin % cos V/3ky
tan Ok = z 2 2| (Aas)

k
coskx+2008%cos\/§2 4

We can calculate Vi Oy through:

uViv — vViu

Vk@k = El2( )

(A.16)

where we have split the function ¢y in Eq. (A.13) into real and imaginary parts ¢y =
u + iv. It then follows that we can obtain the components of the gradient of the Oy
function as:

1 —2cos? (@k@) + cos (%kx) cos (@ky)

Ok, Ok = , (Aaza)
1+ 4cos (%km) COS (@k@) + 4 cos? (@ky)
V3sin (2k,) sin V3p.
Ok, O = (3:) ( ’ y> (A7b)

o

1+ 4cos (%kx) coS (?k@) + 4 cos? <

By)
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GRAPHENE SUSCEPTIBILITY AND
OPTICAL CONDUCTIVITY

In this appendix we calculate explicitly the bare graphene susceptibility and from
this the optical conductivity.

The susceptibility in graphene, considering that electronic excitations are described
by the massless 2D Dirac equation, is given by [15]:

Xaw) = > x**(qw), (B)
a,a/ =%+
where: )
/ d*k np(aEx) — np(d Exiq)
oo =4 | — F..(q,k B.
X" (q,w) /MQMJFQER_Q,EH(]HU o’ (9, k) (B.2)
with o,/ = +, — labeling the conductance and valence bands, np is the Fermi-

Dirac distribution and the limit  — 0 is implicit. We define the overlap of graphene
wavefunctions as:

2.
Farla 19 = 3 (14 aa " ), (®3)
n(B) = fesp(B(E — ) +117, (B4

now we consider 4 > 0 and 7" = 0, that implies np(E) — 6(E — p), with 6 the
Heaviside step function.
We define:

d?k 1

— F__(q,k B.
4n2 o'w — By — Exyq +in +—(a k), (B.5)

XE (qw) =4 /
with « # «’. and is given by:

xul(a,w) = x{ (q,w) + x5 (q,w), (B.6)
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where x is the susceptibility when ;. = 0. We define xp as

xp(q,w) = xp(q,w) — xv(q,w). (B.7)

The susceptibility can be split in doped and undoped parts:

x(q,w) = xp(q,w) + xv(g,w), (B.8)

now before we proceed to calculate each piece of the susceptibility we recall the
Sokhotski-Plemelj formula:

1
r tin

_ rp% T iro(x), (B.o)

this can be used to separate the real and imaginary part of the integration of a real
function as:

g = /dx f@) _ @/dxf(””) Finf(z), (B.10)
z+in x
and so the real part is:
RJ = Q)/daﬁf@) (B.11)
x
and the imaginary part is:
39 = Fin f(x). (B.12)

From now we will hide the (q, w) dependence of the susceptibility.

B.1. Undoped susceptibility

IMAGINARY PART

The imaginary part of x7;~ is null and the imaginary part of x;," is given by:

kdkdo
S = - [ FER 6w k=l a) P (a1, (B13)

where we used the Sokhotski-Plemelj theorem. First we perform the integral in # and
we arrive:

Y kdk 2w — k|0(q — w) 2k? + w? — 2kw — ¢*
Shv = e T\ /4k2q2 2 _ 9L 2)2 2k(w — k) -1
v 7 IR — (@ 2 — )

(B.14)

qtw

7z kdk 2w — k|f(w — q) 2k? + w? — 2kw — ¢*
Sxu = w—q T /A2 2 _ o N2 2k (w — k) -1,
- VAk2g? — (w? - 2kw — ¢?)
(B.15)
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where we used also w — k = |k + q|. A factor of 2 appear because of there’s two
solutions of the Dirac delta zero in the trigonometric plane. The first integral (B.14)
is null because necessary w < (¢ + w)/2.

The above integrals can be simplifed to

Sxu =0,q9 > w, (B.16a)
15" 2 02 4 4k — 4K
EWU:_/2 dk ¢ W A g<w,  (Bi6b)
mJesa V(W — @) (P — w? + dkw — 4k?)

and Eq. (B.16b) can be simplified:

q+w

dk/q? — w? + dkw — 4k2, ¢ < w, (B.17)
—9q

and after perfoming the integral, we have finally:
Sxv =0,¢>w,
2

Sxu = N S q<w. (B.18a)

W —g

REAL PART

To obtain the real part of the susceptibility we use the Kramers-Kronig relation:

Ry = @/ dw ! \YX;n_qc;2 ), (B.1g)

that is valid for both components « = U, D. Using equation (B.18a) we have:

2 00 !
q ;W 1
Rxv = ——& d B.
xu 21 /q RN W2 — g2’ (B.20)
making the change of variables x = w'? — w? with dz = 2w'dw’ we have:
2 00 1 1
Rxu = —q@/ dor———, (B.21)
a7 w2 TJr 4 w?— g2
if ¢ > w then we can make = (¢*> — w?)y and
2 o)
q 1 1
amUz—@/ dy——— (B.22)
dm\/q?2 —w? 1 yvy—1
and
« f (B.23)
Rxuv = — , if ¢ > w, 2
4 q2 — w2 3
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else
Rxv =0, if ¢ < w.

We can combine the real and imaginary part in a single expression:

N ¢” Sign[q — w]
4 /q2 — w2

where we use the convention /—z = i\/z for z > 0.

B.2. Contribution from the Fermi sea

First we start with the intraband term:

Y = 4/<121<"F(Ek) — np(Ekiq)
b 4m2 w + By — Bxyq +in

Fyy(q,k),

splitting the above integral in two:

d*k ng(Ex)

4r2 w + Ey — Eyxiq+in
P’k —np(Biiq)
4m2 w + Ex — Exiq +1n

+4+ __ . intrai intra2 __
Xp =Xp T =

Fyi(a,k)+

Fyi(q,k),

and making in the second integral k — k — q we have:

d*k —np(FEx)
472 w + Ex_q— Ex +1in

intra2 __

Fii(q,k—q),

but

/\k—ql2+(k—q)-q>

1
Faa’(qvk_q):2<1+aa |k—q|]€
_1 1+ /
—2 ax

k2 —k- q>

T = Fao/ q, -k )
klk — qf ( )
making & — —k in (B.28) and using Ey = E_ we arrive at:

d*k —np(Ex)
N2 . F++(q7 k)7
4m* w + Fyi1q — Ex +1in

intraz __
X

P np(B
47T2w—|—Ek—Ek+q—|—i77

intrar __

Fii(q,k).
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(B.28)

(B.29)

(B.30)
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The interband part is:

_ d?k nr(Ex)
- - F, (q,k B.
XD 47T2W+Ek+Ek+q+i7] + (q7 )7 ( 32)
and )
_ d“k —np(Fy
Xp =4 Uira) __p | (qx) (B:33)

472w — By — Byyq + 11

using the same trick of the intraband part, the integral in (B.33) becomes:

it = —4 d’k np(Ex)
D 412 w — Exyq — Ex +1in

F,_(q,k), (B34)

we sum B.32 and B.31 to obtain x},, B.34 and B.30 to obtain x%:

1 [ kr 2k% + kw + kqcos 6

1

= — do dk B.
XD 772/0 /0 w? + 2wk — ¢ — 2kqcos 0 + in’ (B:35)

1 [ ke kw — 2k? — kqcos 6
2
=—— do dk B.36
XD 2 /0 /0 w? — 2wk — q% — 2kqcos 0 + inSign(w — k)’ (B.36)

using the Sokhotski-Plemelj theorem we can calculate the complex part as:

21 do kp
SIxp(qw) = — /0 - /0 dk [2k2 + kw + kq cos 6} §(w? + 2wk — ¢* — 2kqcos ),
(B.37)

21 do kp
SIx%(q,w) = / 77/ dk [kw — 2k? — kqcos 9] §(w? — 2wk — ¢* — 2kqcos B) x
0 0

xSign(w — k),
(B:38)
the 0 integral can be perfomed in the angle variable 6, resulting in:
2 [hr  AR? 4+ 2kw + A
Stxh =5 [ dk £ (), (B39)
™ Jo /B2 — A2
+
s 2 [k 9kw -2k - A ,
SIxp = — dk Ga(k)Sign(w — k) (B.40)
27 Jo /B2 — A2
where we used: 4
cosf = % (B.41)
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and:

Ay =w? £+ 2kw — ¢, B = 2kq, (B.42)
Gilk) = 1, ifk sol\fe the § function (B.43)

0, otherwise

after some algebra we can write:
2 [hr 2 — (2k + w)?
Sxb=— | dk ¢ @kt Gi(k), (B.44)
27 Jo V(02 = ¢?)(¢® — (2k + w)?)

1 [kr 2 — (w— 2k)?

SIE ==~ | dk ¢ — (w2 Go(K)Sign(w — k) (B.45)

o V(- (¢ - (2k —w)?)

CaLcuLATION OF STy}

For ¢ > w > q — 2kp:

1 ke

Syt :—/ dk+/(2k + w)? — ¢2, (B.46)

XD ey o ( ) 4

that results in:
2 2kp +w 2kp +w w+ 2k 2
SyL=-——3% —acosh< e >—|— < > 1],
Xp A/ q% — w? q q q

(B.47)

otherwise is null.

CALCULATION OF )%

First for w > ¢:

1 ke
%2:/ dk+/q? — (w — 2k)20(w + q — 2k)Sign(w — k),  (B.48)
XD ﬂ_\/m % ( ) ( ) g( ) 4
if 2kp > w + ¢ then Sign(w — k) = +1 and:

q2

4y/w? = g%’

Ixp = (B.49)

elseifw — ¢ < 2kr and w + g > 2kp:

2 2
q T . 2kp —w 2kp —w w—2kp
Iy = ——— —i—arcsm( > + 1-— ,
D dn/— 2 | 2 q q q
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after some trigonometric steps we can write:

2 2
q 2kp —w 2kp —w w—2kp
N = —————— w—arccos( >+ 1—({—
Xb A/ w? — ¢? q q q
(B.51)
For g > wand 2kp > w + ¢:
NS S [/ ms T (B.52)
Sxp = —0——— dk+/ (w — 2k)? — ¢2, B.52
XD P W2 Juxa ) 5
that results:
2 2
q QkF—w 2kp—w> 2kp—w
Iy = < —1—arcosh | —— ,
b A/ q?% — w? q \/ q q
(B.53)

otherwise is null.

REAL PART

The real part is given by the Cauchy principal value of the expressions (B.35) and

(B.36): , . )
1 4 F 2k* + kw + kqcos 8
Ryh==2 df dk , B.
XD = 72 /0 /0 w? + 2wk — ¢* — 2kqcos (B.54)
1 2 kr kw — 2k% — kqcos 6
2
=——=7 dé dk B.
e 2 /0 /0 w? — 2wk — g% — 2kqcos 6’ (B.55)
the above numerators can be written as a
2,2 2 2 4]€2 4k
2k2+kw+ch059:q 2w —wk—i—chos@—i—w q +2 i w’ (B.56)
2 2 2,2 dwk — 4]{?2
kw—2k2—kq0089:w 2q —wk—chos&+q d +2w ,  (B.57)
and B.54 and B.55 become:
1 2 ke w? — ¢ + 4k? + 4kw
Ryh = —@ df dk -1, B.58
XD = 9 /0 /0 [wQ + 2wk — ¢? — 2kq cos 6 } (B58)
1 2 kr ¢? — w? + dwk — 4k?
D =—=5 | db dk 1 B.
a2 272 /0 /0 [uﬂ — 2wk — ¢*> — 2kqcos b + ] (B59)

and

1 2 ke (2k +w)? — ¢?
1 .
b = 5 [ 2ka+@/0 de/o dkw2+2wk—q2—2chos9]’ (B.60)
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1 2 kr @ — (w— 2k)
2
=——— [2rkp + P dao dk B.6
b 272 [ e / / w? — 2wk — ¢? —2chos€}’ (B.61

integrating in 6 we have:

1 kp 92 2 _ .2

Rxh 5= | —27kp + 270(w — q) / dk @k+w)” g
2 0 V(W? + 2wk — ¢2)2 — 4k2¢2

ko 2 2

(g —w) [ dk Rk+w)” —q
0 V(W2 + 2wk — ¢2)% — 4k2¢?

sign(2k +w — q)] , (B.62)

1 k1 kr @ — (w — 2k)?
RxL = — | —2mkp — 270 (w — / + dk
XD = 9n2 [ F w=a) 0 V(W2 — 2wk — ¢2)2 — 4k2¢?
ko 2 _ ) 2
—276(q — w) k ¢ — (W= 2k) = sign(2k —w — q)]

V(w2 — 2wk — ¢2)2 — 4k2¢?
(B.63)

where k; = min(|w — q|/2, kr), k2 = min((w + ¢)/2, kr). We can rework the above
integrals to:

1 2m0(w — q) ke
%XD_2F2[27TI<:F+\/W/O dk v/ (2k + w)? — ¢+
270(q —w) (M
_mbla =) [T T @k T o) sign(2k + w — q) (B.64)
2 —w? Jo

1 2m6(w — k1
%X%:W[—zm mhw q/ /k dlen/(2k — w)2 — ¢

276(q — k2
2 ) [ g/ k= o)sign(@k—w—q)| . (B63)
V@E—w? Jo

Integrating we arrive at the final expressions for the real part of the susceptibility:

e g g (52) (o

T Ary/w? — g2 q
2
q 2k1+w> (w)}
2 g R (YY) 0g-w). (B66
PP m— [ 2( p 2 p (g ) ( )

If2kp < w —q:

o P () e ()
MYy =——+——o |F(=|-F ) B.6
Xb T Amry/w? — ¢? q q (B.67)
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Ifwo—-—qg<2kp<w+q:

B2 = —F | ¢ 5 <“’> (B.68)
b T Am\/w? — ¢? q) .

i 7 (0) - ()
% 2 :_7_|_ F — _F 3 B.6
Xp T Ary/w? — ¢? q q (B.69)

and if ¢ > w
v () A ()]
RxH=——t——m | F -FK(-=)], B.70
XD T A — a2 2 P 2 P (B.70)
where
F(z) = xv/2? — 1 — arcosh(z), (B.71)
Fy(xz) = /1 — 22 + arcsin(x), (B.72)
we can rewrite F5 as:
T 7['
Fy(z) =av1—22+ 3 arccos(zr) = 5T C(x), (B.73)
where
C(z) = xV/1 — x? — arccos(z), (B.74)

where the image of arccos is defined to be [0, 7].

Summing all the contributions we have for each region in the plane (¢, w), that we
separate in six pieces (see Fig. B.1):

1B:w > qgand w + q < 2kp

2k 2 2k 2kp —
PR T N TR TR [
™ 4/ w? — g2 q q
2B:w > qw+q>2kpandw — ¢ < 2kp
2k 2 2kp +
Rxp = ——2 + —1 [F( F “’)] (B.76)
T Amy/w? — ¢? q

2k 2 2% — 2k
Rxp =~ - [F< Fq+w>_F(w q F)] (B.77)
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3B

w/Ep

1B 2A

1A 3A

2
G/EF

Figure B.1.: The analytical integration defines six regions in the ¢ X w space.

1A: ¢ >wand w + q < 2kp:

2k q2
§R = B- 8
XD + 1 q2 5 ( 7 )

2A:q — 2kp <wq>wandw + q > 2kp,

2k 2 2kp —
Rxp = — L q [77—1— C (Fw>] , (B.79)

™ A/ q? — w? q

3A:q — 2kp > w

2k 2 2k 2kp —
Rxp = ——= + d {W+C<F+w> +C'<F w)} ,  (B.8o)
™ A/ q? — w? q q

B.3. Summary

Now summing the undoped and doped contributions, we have for the susceptibility,
recovering the units:
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REAL PART

1B:w > vpgand w + vpq < 2upkp

2 _
Ry = 2k N q [F <2UF]<?F —l—w) _F (21}ka w)] . (B8

hwrm  goh w2 — V2.2 vFq vFq

2B:w > vpq, w +vpq > 2vpkp and w — vpq < 2upkp

2k 2 2upk
Ry = — 4 a [F( vr F“’ﬂ, (B.82)
hvpm 4wh\/u12—711%;q2 VRq
3B: w — vpq > 2upkp
2 2 2 -2
%X:_hkF n c [F <”FkF+°">—F<‘” ”FkFﬂ (B.83)
VET  fAmhia /w2 — ,U%qQ UFq UFq
1A: vpg > wand w + vpq < 2vpkp:
2k
fox = ~ - (B.84)
VET
2A:q — 2vpkp < wvpqg > wand w + vpq > 2upkp,
2k 2 2upkp —
.
oo o=t L\ v
3A:vpq — 2upkp > w
2k 2 2upk Qupkp —
Rx = -+ F d [C(UFF+”>+C<W>]. (B.86)
VFT  4rh /v%qQ — w2 UFq UFq
IMAGINARY PART
1B:
Sy =0, (B.87)
2B:
Sy = ¢ C <2”F ke — “) , (B.88)
4rhyw? — vEg? vrq
3B: )
) 4 (B.89)
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2 pkp — 2upk
Sy = q [F( vrirp w> _F (Wﬂ , (B.90)
4dnh /U%q2 — w2 VFq (]
2A: )
2upk
Sy = ——— F< or F+w>, (B.o1)
4rhy [ vEg? — w? vrq
3A:

Sx = 0. (B.92)

Equations (B.81-B.92) are ready to use, however, we can put all those equations
together into a single expression with the correct analytical continuation:

2k ¢ - (Qupkp +w) .. 2vpkr +w
x(q,w) = —thFW + %S(MQ — v3q?) [F (Fv;jq ) Sign [Fvgq — 1} -

N (ZUFkF — w>] ’
VFq

(B.93)

where we recovered the units (5 and vr) and S(x) and F(x) are functions with image
in the complex domain:

a2 if x>0
S(x) = ’ B.
(@) {—i(—x)_é if x <0, (B.94)
and
F(x), if x> 1,
F(x) = —iC(x), if 1>xz> -1, (B.95)
in+ F(—x), if z < -1,
and F'(z) is defined in Eq. (B.71) and C(z) in Eq. (B.74).
B.4. Mermin’s Formula and Optical Conductivity
Using the Mermin’s equation for the susceptibility [92, 169] we have:
(g, w) = L= ierx(@w +19)x(4,0) (B.g6)

—iwrx(q,0) + x(q,w +1iy)’

where y was calculated in the previous section and 7 is the relaxation time and ~ the
relaxation rate: 7 = 1/~.
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The longitudinal component of the optical conductivity is given by

2

ie“w
or(q,w) = 2 xm(d,w), (B.97)
and taking the limitq — 0
o(w) = lim o7 (q,w), (B.98)
q—0

From the equations (B.25) we have the following long wavelength limits:

q 2kr  q 9
O)=—3-——+5;+0 B.
x(q,0) 1 Ty TOW) (B.99a)
2 a2
(qu) = Fr? @ i et £if 4+ 0(gY), w < 2kp Boob)
XD W) = Tw? 4w il 2kptw +O( 4) > ok 99
Irw 1 w—2kp qa), w F-

The limit (B.98) can be written as:

, - x(q,0)
o(w) = (1 —iwt)opy(w +1v) im — —, B.100
=t 7l ) (@ 0) + x(@w + 1) (B100)
where, using (B.99):
. . ietw .
om(w+iy) = lim —-x(q,w +iy) =
q—0 ¢
1 2% ptw .1
k; 1 -— hl ) —— + 11—, W < 2]{7}7
ieQw—F2 + 62w4— +ietw x 47;‘“ ;:;r: e (B.101)
W w Irw In w—2kp ) w > 2kF,
taking the ¢ — 0 limit with the help of (B.99) we have
0 1
lim — x(a,0) — = — (B.102)
a—0 —iwTx(q,0) + x(q,w + i1y  —iwT
and so:
i 2kp—w’ 1
k 1= In 7| =g, w<2kp
o(w) = i ii/ + 41 i]fi;:; ! (B.103)
Tw +In ot | w > 2kp
where W' = w + iv.
Using Inrel? = Inr +i6 forr > 0 and —% < 6 < I we have:
4k i 2kp —w)?++%] 1 — 2k
a(w):_ - r Lln (2kp —w)” +7 + —arctan LT
o) m(liw—7y) 2m (2kp + w)? + 2 s vy
1 2k
——arctan <w+F> , (B.1og)
™ ¥
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We can separete those
two limits because both
are finite.



where 0y = €2/4h, and we separate the conductivity into a Drude and an interband

terms:
U(w) = UDrude(w) + U](w),

now we define wrp = Fr/h so we can recover the units:

Oprude(w) — dwp 1

oo T oiw—7’

and the interband conductivity

1 —2 1 2
or(w) = 1+ —arctan <w wF) — —arctan (w + wF) +
0o T ~y s ~y

+lln[

(2wp — w)? + 2
2 ’

Qwp + w)2 +~2

In figure B.2 we show the graphene conductivity given by Eq. B.105.

10

— Real Part
— Imaginary Part

I :
L Y]

0.0 0.5 1.0 1.5 2.0 2.5 3.0
w/wp

Figure B.2.: Graphene optical conductivity. Er = 0.5 eV, Iy = 260 pueV.
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SIMPLIFIED FORM OF SBE IN TIME
DOMAIN

The Bloch equations for graphene was calculated in section and reads:

—0nex = Y0 (Nex — fc k) — i (1) Apy, (Caa)
-0y x =0 (Nux — fok) + ik (t) Apx, (C.ab)
(0 —iwk + 7p) Pevk = 1% (t) Ang, (C.1c)

(O + 1wk + Vp) Poek = —iu(t) Any, (Cad)

where fiwyx = 2Fk, Ang = Nek — Mok, Apy = Pev,k — Pueks fc/v,k is the Fermi-
Distribution for the conduction/valence band, and ~y(7,) is a relaxation term. The
time dependence on 7./, k, Pyc/cv,k> and € is omitted, and we have defined:

eaoé’(t) - VkOx

where qy is the graphene lattice parameter.
Summing Egs. (C.1a) and (C.1b) we obtain:
A(nex +nuk) = =70 (Rek + ok — (fex + fok)) s (C3)
which has the exact solution:
nek(t) + no(t) = c(k)e ™" + fex + fur (C.4)
where c(k) depends on the initial conditions.
For a system that is initially in thermal equilibrium, ¢(k) = 0 and:
nc,k(t) + nv,k(t) = fc,k + fv,kv (CS)
thus we introduce the deviation vy (t) through:
nex(t) = fex +vk(t), (C.6a)
Ny k(t) = fox — vk(t). (C.6b)
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We also note that the complex conjugate of (C.1d) reads:

(O — iwk + Yp) Prex = 1c(t) Any, (C.7)

and using Eq. (C.1c)
(8 — 1w 4+ 7p) (Pevx(t) — Pyexc(t)) =0, (C.8)

we find the solution:
Pev k() = Phesc(t) + c1(k)el k)t (C.9)

where again c; (k) depends on the initial conditions. If we assume that the system is
initially in thermal equilibrium it follows that ¢; (k) = 0 and:

Puek(t) = Doy (t) = 2 (t) + iyk(t) - (C.0)

The set of four complex equations (C.1) can be reduced to a set of three real equa-
tions for the functions xy, yx, and vi. From Egs. C.1 we have:

Orvk = —yovk — 29 () Yk, (C.na)

(0 + ik + ) [z + i) = =1 (t) (Anp + 2vx) (C.ub)
where A fy = fex — fu k. From Eq. (C.ub) finally follows that:

Ty = —YpTk + Wik, (C.a2a)
Tk = —wkTk — YkVp + (t) Quk + Afx), (C.a2b)
Uk = —Yovk — 2k (t)yk. (C.a20)

These latter set of equations is the one we have solved in chapter 4.
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KELDYSH POTENTIAL: A RPA
ANALYSIS

The effective potential in the random phase approximation for a bare scalar potential
Vo(q) is given by [4]:
Vo(a)

Vrea(Q) = ———————, (D)
Al = TV (@@
where the static susceptibility is written as:
1 —
xa@=5 > gk“*’“ — g"h (k + q, M|k, A2). (D.2)
K,q,A1,A2 k+q,\1 k,\2
For a 2D material, de Coulomb potential reads:
2
€
Wol(q) = D.
and thus the RPA potential reads:
o2
Vrea(aq) = (D.4)

" 2eme0q — e2x(q)

Supposing that in the long wavelength limit g — 0 x(q) is an analytic function
and so it has a power series expansion, we can write:

62x(q) = —2e0kTF — 2e0€iq — 270q> + O(q3)7 (D.5)

where krF, €; and r( are the coefficients of the expansion. Substituing in (D.4):

e2 1

= — . D.6
2e0 ktr + (em +€i)q + T0G? (D-6)

Vrea(Q)
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For graphene, Ny = 4
because of spin and valley
degeneracy.

For ro = 0, we have the Thomas-Fermi screened potential in a 2D material. For
ktr = 0, this potential reduces to the Keldysh potential[170, 6, 122]:
€2 1

Vi = — . D.
kea(q) 2e0 q(em + €i + 709) (D7)

This expression can be obtained as the electrostatic field of a charge inside a thin
slab with width w in the limit w — 0 [170]. Also can be obtained as the electrostatic
potential of a charge bounded to a 2D material [122].

D.1. Gapless 2D Dirac system

For the 2D Dirac equation with m = 0, we calculated the static susceptibility in
appendix B. We can consider three cases: kr = 0, ¢ < kr and g > kp.

kp =0 caAsE:

In the first one, we have that the static susceptibility is (B.25):

Nyq  eocmalNgq
16hvp 4e2up

x(q) = (D.8)

where N; is the degeneracy number, c is the speed of light, and « the fine structure
constant. In this case the exact RPA potential is:

62

2¢e0 (€m +ar g)f;) q

Vrea(q) = (D.9)

where the intrinsic dielectric constant is g; = omﬁf;, in agreement with [171]. In

the case of graphene, v ~ ¢/300, and we have azgraphene ~ 3.44. Note that (D.9g) is
an exact result in the static RPA for graphene: it was not necessary a power series
expansion.

q < krp CASE:

For this case, the static susceptibility reads (B.84):

_ kaF _ QSQCOéka‘F (D 10)
2hvpT e2vp '

x(q) =

thus the potential reads:

P
Vrea(q) = c (D.11)

260 (emq + KY)”
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where the Thomas-Fermi wavenumber for the gapless Dirac system is:

acka:F

Ky = (D.12)

VR

and for graphene k% ~ 8.76kp.

q > kp CASE:

For k > kp, the static susceptibility of a gapless Dirac system is (B.86):

Nike  Npq . (2kp
= — + D.
x(9) 2hvpT 87rhvp0 q )’ (D.13)

with C(z) = zv/1 — 22 —arccos(z). The first term is the same of the previous section,
and when ¢ > kr we can show that:

N¢kp Nyg k3,
- - —= D.
in this case the potential is:
e? 1
(D.15)

Vrea(q) = —
2¢0 <5m + aﬂ%) q+ kg

where in this case the Thomas-Fermi wavenumber is half of what we found in the
previous case (D.12):

acNrkp
bbp = — 71 D16
TF 20 (D.16)
D.2. Gapped 2D Dirac system
The static susceptibility of a gapped Dirac system reads [172, 173]:
@)=~ By g oy (VTR e a2,
A= 2rh2v?, ¢ F 2q 4hvpqEp
hvpy/q? — 4k2
x arctan S , (D.17)
2Fr
where A is half the band gap and Er = /(hvpkp)? + A2, now we consider the same

three cases of the previous section.
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TMDC MOSQ MOSEQ WSQ WSCQ

A(eV) | 0797 | 0.648 | 0.685 | 0.524
o (A) | 414 | 517 | 379 | 451

ro (A) 12.1 14.8 14.0 18.3

Table D.1.: Comparison of the 7o parameter, gapped Dirac model for TMDCs and DFT [107].

kp =0 cask:
In this case Eq. (D.17) becomes:

NfA 1 hQU%QQ — 4A2 hUFq
2rh2v2, | 2 dhvpqA ’

x(q) = (D.a8)

and after a power series expansion up to second order in ¢ we obtain:

NyA |1 A?0iq? —4A? (hopq 1 [(hopq 3 A
- 3 -2 D.
x(9) 2717121)127 2 + 4hvpqA 2A 3 ( 2A > +0(q"), (D.ag)
and after simplyfing:
(q) = 2 . (D.20)
~ .2
X "o A 0
and the correspondent potential reads:
e? 1
4 = 5. T D.
@ 2e0q €m + T0q (D.21)
where N
_ Nyahc
"7 urA” (D-22)

we can compare the RPA ry with the ones from a DFT calculation for the TMDCs,
and we show the results in the table D.1.

q < kp cAsE:

From Eq. (D.17) we obtain:

X0) =t (D)
thus the correspondent potential has the form of a Thomas-Fermi one:
e? 1
Vig) = Tgom, (D.24)
where:
ktp = ac;.:z}%EF. (D.25)
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q > kp CASE:

In this case is possible to show that:

Nyq
_ D.
x(q) — 6o (D.26)
thus the potential is the same as we found before in Eq. (D.9):
2
VRea(q) = oo (D.27)
2¢e0 (am + am 8va) q

D.3. Final comments

The RPA approach is valid when Ny > 1, in the case of graphene and TMDCs, we
have Ny = 4. Thus all the results presented in this appendix can be somewhat ques-
tioned. The electron-electron interaction of graphene was intensively studied and
is still an active area of research with open questions [174]. The first aspect to note
is that the effective intrinsic dielectric constant obtained for graphene in Eq. (D.9),
that corresponds to an one-loop calculation, is not accurate. A two-loop analysis
[175] shows a contribution of the same order of the one loop. This happens because
the effective “fine structure” constant of graphene is ac/vr /ey, ~ 2.2/¢,, and can-
not be treated pertubatively in the same way as it is done in QED with a ~ 13771
A renormalization group analysis of electron-electron correlations in graphene in
the strong coupling regime [176, 174] shows that the electron-electron interaction is
not screened and is marginally irrelevant in the charge neutrality point. The gapped
Dirac equation has a different behavior [174] but has not yet had a careful analysis as
the Dirac equation in the context of graphene.

Here we have shown that the Keldysh potential does not applies in graphene de-
scribed by the Dirac equation, however, it can be applied as an effective potential in
the gapped Dirac equation depending on the values of the Fermi moment. The evi-
dences found in table D.1 shows that the static RPA of the Dirac model is not enough
to describe the Keldysh potential. However, a more careful analysis is beyond the
scope of this appendix.
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OPTICAL CONDUCTIVITY FOR A
GAPPED DIRAC SYSTEM

In this appendix we will calculate the optical conductivity of a gapped Dirac system
neglecting the electron-electron interactions. Those equations can be combinated
with the Elliot formula (see appendix F) to describe approximately the optical prop-
erties of TMDCs and hBN, two materials whose low energy excitations are described
by a 2D gapped Dirac equation.

We consider the Dirac Hamiltonian:

Hy = vpTo1ps + vrpoapy + agmv% — T, (E.)

where o; are the Pauli matrices, [ is the identity matrix, vy is a material dependent
velocity, m the excitation mass, i the diagonal element of the Hamiltonian, and
T = = is the valley index. From now we choose units with vy = i = e = 1. The
eigenvectors and eigenvalues are:

Ek + Am 1
oak) =/ —5m— | rhe—ik , (E.2)
2Ek /\Ek-i-rs

Ep = k2 + m2, (E.3)

The dipole coupling Hamiltonian reads:

Hy = &)z + &(1)7, (E.4)

The optical conductivity can be obtained from the polarization P from J = 0,P
[76], for a electric field with time dependence as &(t) = &ye !, For a electric field
in the i direction, the current in the j direction will be: J; = 0;;(w)&;:

Pj(w)

578@" (E.5)

oij(w) = —iw
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E.1. Polarization operator and dipole-coupling Hamiltonian

For obtaining the optical conductivity and the absorbance, we have to compute the
expectation value of the polarization operator. Using the field operators:

1 .

4) = — k)i (t)e'X T, E.6
P(r,1) \/Eg;m( Jaxk(t)e (E.6)
the polarization operator reads:

B(t) = [ dr 1(r6)(-ex)i(r. ) (E)

The integral can be explicitly computed with the help of the eigenfunctions of Hy in
position space: ¢y (r) = ¢x(k)e**. Using these eigenfunctions it follows that

T ARV <k’,X|[r,H0(r)]|k, )‘>
[ el o) = (X ey = SEATRIBIED g g
Noting that [r, Hy(r)] = —i (7u,01 + uyo2) we obtain for the dipole matrix element
the result:
iU)\/ (k)

(K, X |-1|k,\) = e (E.9)

INEL'
for A\ # X (inter-band transitions). We defined the matrix element of the velocity
operator (Tu,o1 + uyo2) as

via(k) = (k, A [(Tuzo1 + uyo2)| k, =), (E.10)
the dipole matrix elements in each direction read as:

1Ek)\ sinf + Tm cosf

dxz( <k A=z k, A > N , (E.)
m sin @ — iAEy 7 cosf
dry(k) = (kA |-yl k,\N) = N2 , (Ea2)
with § = arctan ky /kx.
Finally, we can express the polarization operator as:
Z d(k)prr,—A(w), (E13)

to obtain the expectation value of the polarization operator we need to calculate the
expectation value of the density matrix pxy —(w). This can be done with the SBE
(3.64), where we neglect the electron-electron interaction terms:

—wpa(k,w) = wakpa(k,w) + &p - d_x(k)A fr(k), (Ea4)



where we recognized dljf y = d_x(k), and so:

& - d_x(k)Afr(k)

k,w)=— -
p>\( ) W+ wyk + 1y

(E.15)

where we added a relaxation rate -, as done before. The expectation value of the
polarization reads:

dk ds (k & - d_,\(k)A].S\(k) (E.16)
W+ wyk + 1y
and so the conductivity reads
dk dyi(k)d_» ;(k)Afr(k)
E.
O'z] IWZ/ w—i—w/\k—i—l’)/ 3 ( 17)

following appendix (E.1), where we show that in the Mermin Formula for the optical
conductivity we need to make to multiply by a factor 1 +iZ, doing this we have:

dk dM )doy j(k)Afia(k)
01(w) = i + ) Z/ et S A
now we consider the system at 77 = 0 and with an effective chemical potential

tegr > 0, that means the system has the conductance band partially populated, so
the electronic distribution is given by:

Afa(k) = =A0(Ex — pefr), (E.9)

the neutral system corresponds to pieg < m.

E.2. Longitudinal conductivity

From Eq. (E.18) we have for the longitudinal conductivity i = j = a:

dk  E2sin?0+m?cos®0 0(Fy — fieg)
- A < =, (E
Oaa(0) = i+ 1) Z / 2m)? w + 22VE2 + m? + iy 4Eﬁ (F:20)

performing the angular integral we obtain:

kdk El+m? 0(Fy — fef)
xT = —i . A e = 5 E.
7 () I(WFW); / AT w4+ 22K+ m2 +iy 4B} (E-21)

now performing the change of variables u? = EZ = k? + m?, we have:

u? + m?2 1
A - E.
(W) = —iw +17) Z / 47rw+2)\u+174u3’ (E.22)
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At the end of the
calculation, it is a bit
tricky to take the correct
value of the multivaluated
logarithm: this is done

checking some limits.

now doing the variable change z = 2)\u and calling w’ = w + i~y, we have:

2+ 4m? 1
Opr(W) = w+w Z)\/ du (E.23)

w +z 23

Now we use the following primitives:

1 1 1 [a(a—22) a+z
d —=——|———>+21 E.
/ “ita 2(13[ 2 n< z )]’ (E-242)
/dz ! 1:—lln (CH_Z), (E.24b)
zt+az a z
therefore:
L 1 / /! 4 / 2
Tan(w) = — 257 . W = AMer) boln (R | 2
167 2w’ Aptess® 2\ et
1 W'+ 2\ et
—In|{—— E.
o (St} b (2
and reordering:
4)‘Meff) 2 2 2 w' + 2 phefr
) (g1 0 (252 )
Taal0) = g Z { )T e
(E.26)
and performing the sum in A:
iw 4m2u’ 2 W+ 2fef
ro(W) = — — +<4m2+w’>[ln<e +1i , (E.2
(o2 ( ) 1671'(4)’3 { LLoff U.)/ - 2,Ufeff ™ ( 7)

where we used that In(—1) = ir (this is the correct analytic continuation for this
term), and the other logarithm term can be written as:

W 2pe) 1 (= 2pep)® +97 | W = 2fleft
In{——F—)=-5In 3 5 | Hiarctan (| ——— | .
W' — 2lefr 2 \(w+2pe)? + ot
2
—iarctan <W+Meff) , (E.28)
Y

so the total conductivity reads:
1 4m? 4m? —2
am(w) = — {i m — + ( m 3 + 1> |:7T + arctan <wﬂ€ff> +
167 | prer(w +iy)  \(w+17) ol

w+ 2Meﬁ (w - 2:ueff)2 + 72
—arctan [ — =) 4 "
e an( v >+2 ((w+2ﬂeff)2+72 ’
(E.29)

here .o should be replaced by m if peg < m. Also we have that oy (w) = 042 (w).
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E.3. Transverse conductivity

The transverse conductivity, i = x, j = y in Eq. Eq. (E.18), reads:

Tay( )2 4E] W+ 2\Ey 1 iy

the terms with sin 6 cos § will disappear after the angular integration, so:

1 iAmsin? 0 + idm cos? 6
Oay(w) — iw) Z )\/ . 0(Ex — Hefr),

2m)2 4B W+ 2\Ey + iy

after the angular integration:

kdk 1 1
T =2 i FEy — R
ooy = 2+ ) 3 | i e v

now making the variable change z = 2\ FEy, we have:

. *® dz1l 1
O'Q;y(LU) :2(w+lf}/)7mz o g;m,
by Heff

where again we did w’ = w + iv. We have the following primitive:
1
/ dz = |%4m © ,
2z+a a2 a+z

w'tm 1 w' 2\ lheff
_WTMNTY LWy [ S et
7o) = ZA: W' {ZANeff i <w/ + 2)‘Neff>] 7
and performing the sum in A:
™m 1 —4p?
S O Il |
oute)= (7 )
we can write the logarithm as:
In 7—4,165 = 1ln 16#35 +
w'? — 4pe 2 Y4 (W2 — 4p2e)? + 292 (w? + 4p2g)

2 -2
+iarctan <w i Meﬁ) +iarctan (w Meff) ,
Y Y

and so

the transverse conductivity reads:

™ 1 1 16,u§ff

—In +
2 (74 (@2 = dug)? + 297 (0 + dyigy) )

2 -2
+1arctan <w+'ueﬁ> + iarctan (wu‘gff>] .
Y Y

Oxy (w) =

Ew—i—i’y

/ dk Afr(k) [iTAExsin@ + mcos 6] [msin 0 + it A\Ex cos 0]
i)

I

(E-30)

(E.31)

(E.32)

(E.33)

(E-34)

(E.35)

(E.36)

(E37)

(E-38)
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We have that

Oys(w) = —0zy(w). Note
that when we sum the
contributions for the two
valleys (1 = +) the
transverse conductivity is
zero.



FromJy =
(i wrioy)es

we can obtain that J+ =
(or(w) £ior(w))Ex:
this results comes from
the particular case of a
circular polarized electric
field is an eigenvector of
this conductivity tensor.
From this we can define
the circular polarized
conductivity o+ (w), as
the corresponding
eigenvector.

2.0
hw (eV)

0.0 05 1.0 15

Figure E.1.: MoS; optical absorption for a circular polarized left handed wave. Parameters used are
o = 2.76 eV, mv% = 0.872 eV, A1 = 0.027 eV, the effective mass is given by ms,v% =
mvs — stA1, Er =0, and iy = 26 méV.

E.4. Absorption by a circular polarized light

For a polarized circular field, with &1 = (u, =+ iu,)&e ", the conductivity reads:

ot(w) =o0p(w) £iop(w), (E.39)

where the + refers to the right- and left-hand circular polarization, o7, (w) = 04, (w)
and o7(w) = 04y(w) = —0yz(w). The absorbance coefficient for small conductivities
(rao(w)/op < 1) can be written as [15]:

Ay (w) = Waéféai(w),

a0

(E.40)

where « is the fine structure constant. For a TMDC, the conductivity has a valley 7
and a spin s index. To use Egs. (E.29) and (E.38) we need to make the substitution
m — mgr and peg — i In the small absorption regime, we can decompose the
absorbance for each valley as:

(E.41)

7- o7 (w)
AL (w) = ;TFCM% iao ,

and we plot each component of the absorbance for MoS; in Fig. E.1 for a left handed
circular polarized field. For the right handed one, the result is exactly the same if we
switch the K and K’ valley labels.
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THE ELLIOT FORMULA FOR EXCITONS
IN 2D MATERIALS

F.1. Derivation of Elliot’s formula

The solution of the homogeneous problem presented in equation (5.36) can be used
to calculate the optical conductivity of the system. We now detail the derivation of
Elliot’s formula for TMDCs. First we decompose the excitonic wave function into a
complete set of eingenfunctions of (5.36):

Wi (k) = S e (k) + /0 da g7 (@05 (0, k), (Fa)

where we have separated the discrete and continuum states of the exciton spectrum,
with n and ¢ the radial quantum numbers, respectively. We further recall the orthog-
onality relations:

| w0 v = 6 (F2)
| dwktun vtk o (F3)
[ kel k) = o0 - o), (F.4)

The non-homogeneous equation (5.21) for p*7 (k,w) (the resonant part), neglect-
ing the term proportional to p?7 (k,w), after we substitute the expansion for ¥j7 (k)
into the eigenfunctions of the Kernel K2 (5.34) that appears in Eq. (5.33), and inte-
grating in ¢, becomes:

(w—K[) (Z Cin¥in (k) + /OOO dq 95" ()i’ (q, k‘)) =—di% ,(k).  (F5)
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where the angular decomposition of the dipole matrix element (5.7) is 7", (k) =

2w 4O jst —i(f+1)0 ; . JsT __ ST ST
fo ?d/\,x(k)e (E+1)0 jg composed of two terms: dz,)\,x = d07£7x507>\ + d_27)\7x5_27g,,

remembering that the angular decomposition has an extra 6 phase:

Ek)\ +71m
(k) =i ———— F.6
O,)\,x( ) 1 4)\E12{ ’ ( a)
o7 X —Ek)\ +71mm
Tonalk) =i— 2 (F.6b)

Using the eigenfunction orthogonality and neglecting the continuum part 4;" (¢, k),
we arrive at:

Y (w— Ef)civin (k) = —diT, (k) (F.7)

n

from where it follows the coefficients ¢} after usign (F.4):

1

= ——
n ST
w— Ej7

/0 kb [0 k)] A (), (E8)

Using the last result, the exciton contribution to the polarization is, using equation
(5.23), given by:

Plw) 1
5 w2

st 4={0,2},n

2 1

—— 6§ F.

/0 adq 57, () WS (Q)]"

remembering here that we are using units such that vy = h = e = 1. We also in-

troduced a phenomenological relaxation rate . Note that the 6 integral has been

performed, and we are summing over all the spin/valley indexes. Now we define the
2 2

weight function MS] as M7 = 5& Jo~ adq di7y (@) [ ZZ(Q)]*) , where we explicitly

wrote the v% term so the weight function is an adimensional quantity. The polariza-

tion follows as

P M;T
(w) _ $ g (F.10)
w— BT 4 iy
st 4={0,2},n tn

where we have introduced a phenomenological relaxation rate v. From o(w) =
—iwP(w)/S, the conductivity reads after reintroducing the units:

(F.n)

st 4={0,2},n

Finally, the absorbance coefficient A (w) = 1 — 7 (w) — R(w), where T (w) [R(w)] is
the electromagnetic transmission [reflection] for a TEM wave, is given by:

w 4wy M;r
A(w) =~ R} = E n F.
(w) N N {X2D(W)} \/ETH ot (w _ E;;l'/h)2 =+ ,}/2 ) ( 12)

where o &~ 1/137 is the fine-structure constant.

142



TRANSFER MATRIX ELEMENTS FOR A
PHOTONIC CRYSTAL

G.1. Unit cell made of two different dielectrics and a
graphene sheet at the interfaces

The transfer matrix whose elements are [28] !

m), = [AT cosag +i(x + C%)sinag] e,

m{é = [B¥cosay +i(A+ D¥)sinag] e,

mél = [-B%cosag —i(A 4 D¥)sinag]e ',

ml, = [AT cosas —i(x+ C%)sinas] e, (Ga)

where z = TE, TM and the diverse parameters are given in appendix G.
The Snell-Decartes law hold:

VE1LML Sin91 = \/82/12811102, (GZ)
and the dispersion relation is given by:

COS g = COS (x] COS (g — (X + 2f25f550) sin o1 sin ag

+2if (8] cosay sinag + (5 cosagsinay) . (G.3)
with:
1

(2

'there are some typos in the transfer matrix elements given in reference [28]
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where:

ki = y/eipw/ccosb;,

o = kiz,
1T = (1£2f5]),
B* = 2f\*p7,

C = +2/85 +260%,
D" = 2f\BLS,

nt = 24
Zg’
1 _
AT — i(nx_nz 1)7
1 _
Xa: — E(nx_i_nx 1)7
_oclo
f - 2 I
m
zIE = a " cos 6,
i
=
zM = Zl * cosb;, (G.5)
(]

with \TM = + 1 \TE = 1.
G.2. Unit cell made of one dielectric and a graphene sheet

at the interface

When there is only one dielectric, with width z and ¢, 1 permissivity and permeabil-
ity, intercalated by graphene sheets, the transfer matrix is given by:

B (1 _B:L‘f)eia _)\:I:Bxfeia
M = < )\:cﬁ:cfe—ia (1 4 Bxf)e—ia> ) (G6)

where o = ,/uez cos § with the dispersion relation:

cosg = cosa — 1" fsin . (G.7)
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