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Abstract

Two-dimensional materials have experienced rapid growth since the first exfolia-

tion of graphene in 2004, which is an atomically thin sheet of carbon atoms exfoli-

ated from graphite. Despite several unprecedented properties of graphene, induced

by quantum confinement, it lacks a band gap that limits some optoelectronic ap-

plications. however, graphene motivates a new research field of two-dimensional

materials, and their potential compositions and structures, ranging from insulators

to semiconductors to conductors. The wide range of conductive behavior within

the quantum confinement gives rise to distinct behaviors, including a large exci-

ton binding energy. Excitons are quasi-particles formed by an electron-hole pair

that interact through Coulomb attraction, a phenomenon present in semiconductors

but more notable in low-dimensional materials due to quantum confinement, which

changes the dielectric environment. However, single-particle theoretical methods,

such as ground-state density functional theory, do not describe excitons because

it is a many-body phenomenon. Thus, a complete characterization of the optical

properties of two-dimensional materials requires going beyond a single-particle per-

spective. Motivated by the accomplishment of several two-dimensional materials

and halide perovskites, this work explores a new class of two-dimensional materials,

namely, transition metal halide (TMHs) monolayers. We initially selected potential

TMHs for optoelectronics in the Computational 2D Materials Database (C2DB)

and subsequently analyzed the structural, electronic, optical and excitonic proper-

ties using state-of-the-art theoretical methods to study materials such as Density

Funcional Theory (DFT) calculations including relativistic and bandgap correction

and the evaluation of optical properties including excitonic effect within Tight Bind-

ing (TB) Hamiltonian and by the solution of Bethe-Salpeter equation (BSE). Our

calculations show that the equilibrium structure calculated by C2DB agrees with

those obtained here and with other theoretical works. However, electronic proper-

ties exhibit important deviations that are not homogeneous among systems. For
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instance, we observed deviations in the bandgap values up to 17 % when considering

relativistic correction and for the corrected bandgap value computed applying the

scissors operator methodology. We also computed optical and excitonic properties

by solving the Bethe-Salpeter equations, showing isotropic and non-isotropic light

absorption among the systems. The inclusion of excitonic effects decreased the max-

imum light absorption when compared to the absorption coefficient without these

effects and also changes in the energy region of spectra. The compositions demon-

strated considerable binding energy, highlighting the importance of studying this

quasi-particle in theoretical calculations. The possible heterojunctions are hardly

influenced by excitonic effects; thus, evaluating possible heterojunctions must take

into account exctions. Finally, we found evidence of an excitonic insulator among

the systems, where the excited state are preferable than the semiconducting ground

state.

Keywords: Transition Metal Halides, Two Dimensional, Monolayer, Excitons.
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Resumo

Os materiais bidimensionais têm experimentado um rápido crescimento desde a

primeira esfoliação do grafeno em 2004, que é uma folha atomicamente fina de áto-

mos de carbono esfoliada do grafite. Apesar de várias propriedades sem precedentes

do grafeno, induzidas pelo confinamento quântico, ele carece de um gap de banda, o

que limita algumas aplicações optoeletrônicas. porém o grapheno motivou um novo

campo de pesquisa de materiais bidimensionais, com suas potenciais composições e

estruturas, variando de isolantes a semicondutores e condutores. A ampla gama de

comportamento condutivo dentro do confinamento quântico dá origem a comporta-

mentos distintos, incluindo uma grande energia de ligação do exciton. Excitons são

quasi-part́ıculas formadas por um par elétron-buraco que interage através da atração

de Coulomb, um fenômeno presente em semicondutores, mas mais notável em ma-

teriais de baixa dimensão devido ao confinamento quântico, que altera o ambiente

dielétrico. No entanto, métodos teóricos de part́ıculas individuais, como a teoria

do funcional da densidade no estado fundamental, não descrevem excitons porque

é um fenômeno de muitos corpos. Assim, uma caracterização completa das pro-

priedades ópticas dos materiais bidimensionais requer ir além de uma perspectiva de

part́ıculas individuais. Motivado pelas conquistas de vários materiais bidimension-

ais e perovskitas halogenadas, este trabalho explora uma nova classe de materiais

bidimensionais, a saber, monocamadas de haletos de metais de transição (TMHs).

Inicialmente, selecionamos TMHs potenciais para optoeletrônica no Banco de Da-

dos Computacional de Materiais 2D (C2DB) e, subsequentemente, analisamos as

propriedades estruturais, eletrônicas, ópticas e excitônicas usando métodos teóri-

cos de ponta como cálculos de Teoria do Funcional da Densidade (DFT) incluindo

correções relativ́ısticas e de gap de banda, e a avaliação de propriedades ópticas

incluindo efeitos excitônicos dentro de Hamiltonianos de Ligação Forte (TB) e pela

solução da equação de Bethe-Salpeter (BSE) para estudar esses materiais. Nossos

cálculos mostram que a estrutura de equiĺıbrio calculada pelo C2DB concorda com
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os cálculos realizados aqui. No entanto, as propriedades eletrônicas exibem desvios

importantes que não são homogêneos entre os sistemas Por exemplo, observamos

desvios nos valores de gap de banda de até 17 % ao considerar correções relativ́ıs-

ticas e para o valor corrigido do gap de banda calculado aplicando a metodologia

do operador tesoura. Também calculamos propriedades ópticas e excitônicas re-

solvendo as equações de Bethe-Salpeter, mostrando absorção de luz isotrópica e

anisotrópica entre os sistemas. A inclusão de efeitos excitônicos diminuiu a máxima

absorção de luz quando comparada ao coeficiente de absorção sem esses efeitos e

também alterou a região de energia dos espectros de absorção máxima. As com-

posições demonstraram considerável energia de ligação, destacando a importância

de estudar esta quasi-part́ıcula em cálculos teóricos. As posśıveis heterojunções são

fortemente influenciadas pelos efeitos excitônicos; portanto, a avaliação de posśıveis

heterojunções deve levar em consideração os excitons. Finalmente, encontramos ev-

idências de um isolante excitônico entre os sistemas, onde os estados excitados são

prefeŕıveis ao estado fundamental semicondutor.

Palavras-chave: Haletos de Metais de Transição, Bi-dimensionais, Monocamada,

Éxcitons.
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Chapter 1

Introduction

This chapter begins by motivating the study of two-dimensional (2D) transition

metal halides (TMHs) as promising new compositions for optoelectronic applica-

tions, drawing on promising research in graphene, transition metal dichalcogenides

(TMDs), and halide perovskites (PVK). We then summarize excitonic effects, par-

ticularly in two-dimensional materials, to underscore the importance of studying

these effects through many-body approaches compared to single-particle perspec-

tives, which more effectively describe several properties of crystalline systems, such

as the response of 2D materials to light. The subsequent section reviews the experi-

mental and theoretical studies of TMHs and establishes the open problems. Finally,

we present the goals of this dissertation, focusing on the impact of excitons on the

optical properties of TMHs.

1.1 Motivations and Justifications

1.1.1 Two-Dimensional Layered Materials

During the past century, predictions suggested that 2D materials were not feasible

due to thermodynamic instability, as pointed out by Peierls3 and Landau4. However,

the graphene structure, comprising a single layer of carbon atoms, was predicted as

early as 19485, with its synthesis achieved in 2004 through the work of Geim and

Novoselov6. This milestone paved the way for the 2D research field, that is, materials

with quantum confinement in one of its directions. They employed the Scotch tape

method to isolate graphene from graphite, exemplified in figure 1.1. This synthesis

1
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mechanism is possible because of the layered structure of graphite, in which carbon

atoms are bound by covalent interactions; nevertheless, van der Waals (vdW) forces

are responsible for the inter-plane interaction. This type of material with a layered

structure bound by vdW forces is called vdW crystals, and mechanical exfoliation

can commonly be used for their production7.

Substrate

Graphene 

Scotch tape

Peel off

G
ra

ph
ite

Figure 1.1: Simplified representation of Scotch tape method for producing
graphene sheets. The method involves placing graphite in the Scotch tape
and then peeling the tape several times in the substrate until the graphene
sheets are archived. [source: own authorship]

The remarkable properties of graphene, including high charge carrier mobility at

room temperature8, exceptional mechanical strength9, high thermal conductivity10,

and optical transparency and flexibility11, enhance its potential for various appli-

cations, such as field-effect transistors12,13 and biomolecule and gas sensing14,15.

Although graphene exhibits these remarkable properties, it lacks a band gap, which

restricts its potential applications. Nevertheless, the synthesis of graphene has mo-

tivated researchers to investigate other 2D materials, introducing a new research

field. Among these 2D, hexagonal boron nitride16 (h-BN), transition metal dichalco-

genides17 (TMDs), and metal carbides and nitrides18 (MXenes) are promising ma-

terials. Notably, TMDs have garnered significant attention due to the stability and

semiconducting behavior of several compounds within this family. The TMDs struc-

tures consist of a transition metal layer sandwiched between two layers of chalco-

genides, as depicted in figure 1.2. Furthermore, multiple layers are held together

by vdW interactions, with some stacking possibilities, including the most stable 2H

configuration1.

Among the 2H phase of TMDs, molybdenum disulfide (MoS2), molybdenum dis-

elenide (MoSe2), tungsten disulfide (WS2), and tungsten diselenide (WSe2) have

attracted significant interest due to their stability, favorable optical properties, and
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Figure 1.2: Posible structures of single layers of TMDs in top and side view.
The arrows show the lattice vectors. [source: adapted from ref. 1.]

semiconducting behavior1. The properties of TMDs have been demonstrated to de-

pend on the number of layers, with a notable effect of indirect-to-direct band gap

transition from bulk to monolayer in MoS2
19. Moreover, TMDs based on tung-

sten (W) and molybdenum (Mo) exhibit notable photoluminescence (PL) effects

dependent on the number of layers20 and are orders of magnitude stronger than

bulk structures21,20. These properties make TMDs suitable for various optoelec-

tronic applications, including transistors, memory devices, valleytronics, and photo-

voltaics22,23,24,25.

In addition, perovskite materials have emerged as promising candidates for photo-

voltaics in recent years. Specifically, halide-based PVKs26 with devices capable of

achieving efficiencies up to 25 %27,28, comparable to the usual silicon-based solar

cells28 with an efficiency of approximately 26.7 %. These perovskite-based devices

offer a significant advantage through their low-cost fabrication methods29, despite

the stability problems30. Fabrication techniques often involve solution-based syn-

thesis of halide perovskites31, characterized by their ionic bonding, allowing scalable

and efficient production processes that can potentially be adapted for 2D transition

metal halides.

Thus, Motivated by the syntheses of layered two-dimensional materials, such as

graphene and hBN, by the accomplishments of transition metal transition metal

dichalcogenides (TMDs) which is a family of materials with several semiconducting

stable compounds with vast applications field and the potential of Halide PVK

due to its low cost, this work proposes the investigation of transition metal halides

(TMHs), a class of layered materials comprising a transition metal and a halide atom,

which are chlorine (Cl), bromine (Br), and iodine (I). Several TMH structures have

been experimentally studied, such as bismuth iodide (BiI3)
32, germanium diiodide
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(GeI2)
33, chromium trichloride (CrCl3)

34, and lead iodide (PbI2)
35,36. Most of these

compounds have stoichiometries AB2 and AB3
37. In addition, several theoretical

works reports additional compositions that will be presented in detail in section 1.2.

1.1.2 Excitons in Two-dimensional Materials

The exciton is a quasiparticle formed by an electron-hole pair bound through

Coulomb attraction, as exemplified in figure 1.3 a). It is essential to note that

single-particle methods, such as Hartree-Fock (HF) and ground-state density func-

tional theory1 (DFT), cannot describe excitons because they are a many-body phe-

nomenon. When contrasting single-particle and many-particle calculations, quasi-

particle states emerge, denoted by E0, E1, . . . En (exemplified in figure 1.3 c)) situ-

ated above the bandgap, leading to alterations in the optical response of materials.

Consequently, a complete characterization of the optical properties of crystalline

systems requires going beyond the single-particle perspective. The excited state of

the lowest energy (E0) is known as the fundamental exciton, while the difference be-

tween E0 and the conduction band minimum (CBM) is the exciton binding energy

(Eb).

The dielectric constant plays a crucial role in determining excitonic properties, as its

large value (as seen in semiconductors) diminishes the Coulomb interaction between

electron-hole pairs. In contrast, smaller dielectric constants, such as those found

in ionic crystals17, lead to stronger interactions. This dichotomy gives rise to two

distinct types of excitons: Wannier-Mott excitons38, characterized by weakly bound

electron-hole pairs with a large interaction radius spanning multiple unit cells; and

Frenkel excitons39, marked by tightly bound pairs, typically confined to the same or

nearest-neighbor unit cells. Figure 1.3 b) illustrates these two types of excitation.

The exciton’s properties also depend on the dimensionality of the material due to

quantum confinement: in three-dimensional materials, the electron-hole pair experi-

ences dielectric screening, whereas in two-dimensional materials, the confinement of

the exciton in two dimensions leads to reduced dielectric screening due to interac-

tions with the vacuum or substrate. This is exemplified in figure 1.3 d), which tends

to increase the exciton binding energy40. As a result, despite being described since

the 1930s by Frenkel’s work39, the interest in exciton properties has increased due

to observations that single-particle theoretical models do not accurately describe

1In the most common implementations, such as the used here.
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optical properties in two-dimensional materials, such as TMDs41. Another crucial

aspect of excitonic physics is the distinction between bright and dark excitons, which

are accessible (not accessible) via optical transitions.

b) Wannier-Mott Frenkel
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Figure 1.3: Summary of excitons properties. a) Simplified process of exciton
formation by light radiation. b) Representation of Wannier-Mott and Frenkel
excitons. c) Excitonic states and relation to electronic band structure. d)
Difference of exciton in bulk (3D) and Monolayer (2D) structure. e) Effect
of the dimensionality of the system in absorption coefficient considering ex-
citonic effects. [source: own authorship]

Lastly, theoretical calculations offer various methods for describing excitons, as sum-

marized below:

• The DFT+GW+ Bethe-Salpeter equation (BSE) approach, such as Berke-

leyGW code42,43,44 calculates the ground state using DFT, corrects the self-

energy of electrons and holes with the GW method and describes two-particle

correlations and excitonic effects through BSE. This approach provides an



Chapter 1. Introduction 6

accurate description of exciton levels and binding energy45, however it is com-

putationally expensive and complex to achieve convergence.

• The perturbation46 and effective mass47 methods calculates electronic and

excitonic properties near band extremes using perturbation or effective mass.

While these methods simplify exciton descriptions, they may not accurately

describe complex band structures or high-order contributions.

• The Configuration-Interaction (CI) method48,49 expands the interaction wave-

function based on multiple excitations. Although this approach generates

a systematic treatment of multiple excitations, the Hilbert space increases

quickly, rendering it computationally unaffordable.

• The BSE+TB approach50,51 expands ground states in a set of discrete orbitals

and solves many-body effects using BSE based on those orbitals. Generally,

this method is less demanding than GW calculations but less accurate for

predicting absolute energy levels.

1.2 Literature Review on 2D Transition Metal Halides

This section overviews experimental and theoretical works on two-dimensional tran-

sition metal halides (2D TMHs). Initially, we present the main synthesis methods

and summarize the experimental studies of TMHs. Subsequently, we provide an

overview of theoretical studies, focusing on stability and feasibility. Lastly, elec-

tronic and optical properties, including excitonic investigations, are presented in

both theoretical and experimental works.

1.2.1 Experimental Synthesis Methods

Several transition-metal halide layered structures have been successfully synthesized

via various methods. Notable examples of physical deposition techniques include bis-

muth triiodide thin films (BiI3)
32 and nanoplates52. Wang et al.36 reported the pro-

duction of nanoflakes using confined physical vapor deposition, while Zhong et al.35

fabricated PbI2 nanosheets via physical phase deposition.

Chemical vapor transport (CVT) methods have also been utilized for the produc-

tion of TMHs. Gronke et al.53 investigated α-MoCl3 nanosheets by CVT. Similarly,

Jiang et al.54 provided a route for the synthesis of 2D magnetic transition metal di-
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halides through the reduction of trihalide powders using chemical vapor deposition.

McGuire et al.34 reported the growth of single plate-like crystals of CrCl3 by crys-

tallization of commercial CrCl3 using CVT and later studied the growth of α-MoCl3

crystals employing the same technique55. Li et al.56 synthesized BiI3 nanoplates

using chemical vapor transport and deposition methods.

Other alternatives for synthesizing TMHs include liquid-phase methods. For in-

stance, Fan et al.57 explored the synthesis of PbI2 nanosheets via liquid exfoliation.

Lin et al.58 demonstrated the synthesis of micro and nano α-HgI2 sheets using a

liquid-phase mineral agent-assisted method. Tan et al.59 synthesized PbI2, PbFI,

and Pb5F8I2 nanosheets by recrystallization of aqueous solutions. Zheng et al.60

described a method to produce 2D layered PbI2 by a liquid phase method heated

under atmospheric conditions. Furthermore, Lee et al.61 achieved film thicknesses

of approximately 150 nm using the spin-coating method and thermal annealing for

the production of thin films of CuI. Ni et al.62 employed high-pressure techniques to

produce layered honeycomb IrI3. Peng et al.63 reported the synthesis of CrI2 films

grown on a graphite substrate. Sandoval et al.64 utilized template-assisted growth

of monolayers of CeI3, CeCl3, TbCl3, and ZnI2 within carbon nanotubes. Finally,

Wang et al.65 described the production of honeycomb RhI3 flakes by mechanical

exfoliation from bulk structures.

1.2.2 Theoretical Analysis of Stability and Feasibility

In addition to experimental works, numerous theoretical studies have explored other

compositions that have not been synthesized or are complementary, establishing the

stability and potential for synthesizing TMHs. These studies often employ phonon

spectra analysis to determine vibrational stability and dynamic stability through ab

initio molecular dynamics (AIMD). Using these methods, researchers have demon-

strated the stability of mercury66, hafnium67,68, copper and silver69, titanium70,71,

zirconium72,73, gold74, and palladium75 based TMH monolayers, i.e., containing Cl,

Br, and I.

Other studies have explored the stability at elevated temperatures. For example,

Liu et al.33 showed through first-principles calculations that monolayer GeI2 is dy-

namically and thermally stable up to 600 K. Sun and Kioussis76 predicted the prop-

erties of 2D MnX 3 (X = F, Cl, Br, and I) and demonstrated that these compositions

are dynamically and thermodynamically stable up to high temperatures: up to 600 K
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for MnBr3 and up to 1200 K for MnF3, MnCl3, and MnI3. Kadioglu et al.77 showed

that RhX 3 (X = Cl, Br, I) monolayers are stable at room and elevated temperatures,

calculated by equilibrium molecular dynamics.

Alternatively, stability can also be assessed through energy calculations. Gao et al.78

showed that for some structures of silver and copper monohalides, the cohesive

energy is close to or greater than that of their bulk counterparts according to DFT

simulations. Kulish and Huang79 analyzed single-metal halide monolayers MX 2 (M

= V, Cr, Mn, Fe, Co, Ni and X = Cl, Br, I) and demonstrated that these compounds

are energetically and dynamically stable, with formation energies comparable to

those of some TMDs that have already been synthesized.

The possibility of synthesis can be calculated by estimating the exfoliation energy.

Huang et al.72 focused on single-layer zirconium dihalides ZrX 2 (X = Cl, Br, and

I) and determined a cleavage energy near 0.295 J/m2. Yue et al.80 suggested that

the ZnCl2 monolayer can be exfoliated from its bulk counterpart with an exfoliation

energy of 0.1341 J/m2. Both values are close to those of other 2D materials known

to be produced by mechanical exfoliation, such as graphene (0.37 J/m2), suggesting

the feasibility of mechanical exfoliation.

1.2.3 Electronic, Optical and Excitonic Properties

The results presented in the previous two sections show the possibility of fabrication

through several experimental methods and the potential stability of several TMH

compounds through theoretical calculations. In addition, the electronic, optical, and

excitonic properties were determined for several compositions of this family.

The band gaps of TMHs exhibit a diverse behavior. Specifically, Brandt et al.32

determined the bandgap of BiI3 to be 1.8 eV. Ersan81 calculated indirect band

gaps of 0.70 eV and 0.32 eV for RuBr3 and RuI3 monolayers, respectively, using

DFT calculations with the PBE functional. CuBr, CuI, AgBr, and AgI monolayers

have direct band gaps ranging from 3.12 to 3.36 eV69 calculated using DFT with

the HSE06 functional. GeI2 is a wide-bandgap semiconductor with a band gap of

2.59 eV33. Xu et al.82 showed that the HgI2 monolayer exhibits a suitable direct band

gap of 2.45 eV using DFT calculations with the HSE06 functional, which includes

spin-orbit coupling. Sun et al.76 demonstrated the properties of 2D MnX 3 (X = F,

Cl, Br, I) as Dirac half-metals, where one spin channel has a large band gap and the

other a Dirac cone.
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These materials are also suitable for bandgap engineering, as demonstrated by

Fang et al.83, who studied RhI3 crystals and showed a quasi-linear bandgap narrow-

ing, including predictions of metallization at 19.9 GPa. Tang et al.71 also demon-

strated the effect of strain on electronic properties, which includes changes in the

indirect band gap of a TiCl2 single layer under strain, ranging from 2.72 eV to 3.14 eV

for −2 % and 6 %. Yan et al.84 showed that pressure-induced bandgap closure occurs

for CdI2 around 34.5 GPa, and the material undergoes insulator-to-semiconductor

and semiconductor-to-metal transitions at 36 and 62 GPa, respectively. Yue et al.80

noted a modulation of the bandgap for MX 2 (M = Zn, Cd, and X = Cl, I) monolay-

ers, including indirect-to-direct bandgap transitions by application of strain. Fur-

thermore, they reported that strain engineering can enhance light absorption in

visible and near-ultraviolet regions.

Kuklin et al.74 showed that AuBr (AuI) monolayers exhibit a tunable direct (indi-

rect) band gap depending on the number of layers, using DFT calculations. Films

of CrI2 have a nearly thickness-independent bandgap of approximately 3.2 eV63.

Sahoo et al.85 have demonstrated that mercury-based halides are direct bandgap

semiconductors in both bulk and monolayer forms. Wang et al.65 showed that RhI3

nanoflakes have a tunable optical bandgap ranging from 1.1 eV (18 layers) to 1.4 eV

(2 layers).

Acharya et al.86 studied bulk and monolayer chromium tri-halides CrX 3 (X = Cl, Br,

I) using the Green function-based approach of many-body perturbation and BSE.

They showed that the excitons in those compounds originate from bands rather than

purely Frenkel (localized) character. In addition, the hybridization between the Cr

d and halide p orbitals enhances as the halogen atom becomes heavier, increasing

the exciton intensity and decreasing the binding energy.

Regarding excitonic effects, Grzeszczyk et al.87 investigated excitons in 2D ferro-

magnetic systems, specifically CrBr3 and CrI3. They demonstrated that the sign

of the hole-magnetization coupling is opposite for both CrBr3 and CrI3 between

their ground and excited exciton states. In CrBr3, excitonic spins can be pumped

through a spin-dependent absorption process, which does not occur in CrI3 due to

the recovery of its antiferromagnetic state in the excited state, characterized by

Wannier–Mott physics. Other work74 showed that gold-based TMHs exhibit dark

excitons with a binding energy of nearly 1.3 eV. Zhao et al.88 studied the Janus

monolayer based on titanium, which exhibits a giant magnetic proximity effect that



Chapter 1. Introduction 10

alters the excitonic character (bright/dark) in TiBrI. Acharya et al.86 investigated

bulk and monolayer chromium trihalides, CrX 3 (X = Cl, Br, I), using the Green

function-based approach of many-body perturbation theory and BSE. They demon-

strated that excitons in these compounds originate from bands rather than from

purely Frenkel characters. Also, the hybridization between Cr d and I p orbitals

increases as the halogen atom becomes heavier, enhancing the exciton intensity and

decreasing the binding energy.

Finally, other works demonstrate the ability to absorb and transmit light, such as

PbI2 nanosheets, which exhibit efficient femto- and nanosecond-pulse excitations in

the visible region57. Another work reveals a light absorption coefficient of 10 × 105

cm−1 in visible spectral regions, accompanied by a power conversion efficiency of

approximately 12 % for TiBr2/TiCl2 heterojunctions70. In conclusion, the findings

presented in this section highlight interest in 2D transition-metal halides, which

have been experimentally explored, whereas several studies indicate stability and

feasibility through theoretical calculations. Additionally, several compounds within

this family display favorable electronic, optical, and excitonic properties for opto-

electronic applications, showcasing promising potential for electronic and excitonic

engineering.

Table 1.1: Summary of electronic, optical, and excitonic Properties of TMH
Compounds found in literature.

Material Property Method Ref.

BiI3 Bandgap: 1.8 eV Experimental 32

RuBr3

Bandgap:

0.70 eV

(indirect)

DFT (PBE) 81

RuI3

Bandgap:

0.32 eV

(indirect)

DFT (PBE) 81

CuBr, CuI,

AgBr, AgI

Bandgap:

3.12 to 3.36 eV

(direct)

DFT (HSE06) 69

GeI2
Bandgap:

2.59 eV
Experimental 33

Continued on next page
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Material Property Method Ref.

HgI2
Bandgap:

2.45 eV (direct)

DFT (HSE06 +

SOC)
82

MnX 3 (X = F,

Cl, Br, I)

Dirac

half-metals
Theoretical 76

RhI3

Bandgap

narrowing under

pressure

Experimental 83

TiCl2

Bandgap:

2.72 to 3.14 eV

(under strain)

Theoretical 71

CdI2

Pressure-

induced

bandgap closure

Experimental 84

MX 2 (M = Zn,

Cd; X = Cl, I)

Indirect-to-

direct bandgap

transition

Theoretical 80

AuBr, AuI

Tunable

bandgap (layer-

dependent)

DFT 74

CrI2

Thickness-

independent

bandgap: 3.2 eV

Experimental 63

RhI3

Tunable optical

bandgap: 1.1 to

1.4 eV

Experimental 65

CrX 3 (X = Cl,

Br, I)

Excitons from

band

hybridization

Theoretical 86

CrBr3, CrI3

Excitonic spins,

hole-

magnetization

coupling

Experimental 87

Continued on next page
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Material Property Method Ref.

TiBrI

Magnetic

proximity effect

on excitons

Theoretical 88

PbI2

Efficient light

absorption (fem-

to/nanosecond

pulses)

Experimental 57

TiBr2/TiCl2

heterojunctions

Light absorption

coefficient, PCE

12 %

Theoretical 70

1.3 Open Problems

Numerous experimental and theoretical studies on 2D transition metal halides ad-

dress several problems on this materials family. However, several problems remains

open. Initially, a comprehensive characterization of the optoelectronic properties

using theoretical calculations need to include excitonic properties in the calculations

due to the large excitonic effect in the optical response of these materials, as stated

in section 1.1.2 and as showed in the previous section. Secondly, several methods

for calculating excitons only explore part of the excitonic physics, such as the cal-

culation of the optical bandgap, whereas the calculations of full optical properties

considering those effects are not considered. Thirdly, an affordable computational

methodology allows the exploration of larger and diverse systems. Finally, stan-

dardizing employing state-of-the-art theoretical methods can help explore the full

potential of several compositions.

1.4 Goals

This work aims to screen promising 2D TMHs for optoelectronic applications, includ-

ing the impact of excitons on their properties. Initially, promising compositions were

selected in the Computational 2D Materials Database89,90 (C2DB), which possesses

more than 16.000 two-dimensional materials, including several properties studied by

a high-throughput workflow. Next, state-of-the-art ab initio simulations were per-

formed using density functional theory (DFT), while optical properties were based
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on the tight-binding Hamiltonian (TB) obtained from electronic structure calcula-

tions. The Bethe-Salpeter equation was solved to characterize excitonic properties.

The following specific goals were defined for this study:

1. System Selection: Select promising 2D TMHs on C2DB, including AB , AB2,

and AB3 stoichiometries; materials with bandgaps that correspond to effi-

ciency above 20 % in the Shockley–Queisser limit; stable materials; and non-

magnetic compositions.

2. Density Functional Calculations:

• Perform structural optimizations and compare them with C2DB struc-

tures and other articles in the literature.

• Calculate the density of states to characterize the main atomic and orbital

contributions near the Fermi level.

• Calculate the electronic band structure, characterizing the band gap, and

including the effects of relativistic corrections.

• Calculate the band-gap correction to accurately describe the electronic

transitions for the single-particle electronic structure.

3. Wannierization: The DFT electronic structure will be parameterized using

Maximum Localized Wannier Functions, which will extract the TB Hamilto-

nian.

4. Optical and quasi-particle calculations:

• Based on the electronic TB Hamiltonian, excitonic properties will be

calculated by solving the Bethe-Salpeter Equation.

• Calculate optical properties in both single-particle and quasi-particle per-

spectives.

5. Determining the excitonic properties: Here, the effect of excitonic properties

will be contrasted with a single-particle perspective, including band alignment

to show possible heterojunctions.

The detailed workflow of this dissertation is presented in figure 1.4, with the method-

ology discussed in chapter 2 and the results in chapter 3.
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Figure 1.4: Workflow of this dissertation. The first panel (blue) depicts the
system selection procedure in C2DB. The second panel (green) details the
DFT simulations. The bottom panel (green water) shows the TB and quasi-
particle calculations. [source: own authorship]



Chapter 2

Theoretical and Computational

Methods

This chapter outlines the theoretical framework and computational methodologies

used in this study. Section 2.1 introduces the many-body (MB) quantum problem.

Subsequently, section 2.2 presents density functional theory (DFT), including the

approximations for exchange-correlation functionals (XC) and spin-orbit coupling,

to characterize structural and electronic properties. Section 2.3 presents the for-

malism for periodic systems, including the Bloch theorem. Section 2.6 shows the

calculation of optical properties from the perspective of a single particle and consid-

ers excitonic properties by solving the Bethe-Salpeter equations using a Hamiltonian

parameterized with tight binding (TB) using maximally localized Wannier functions,

as detailed in section 2.5. Finally, appendix C presents the computational tools and

parameters used throughout this work.

2.1 Many Body Quantum Problem

On an atomic scale, electrons and nuclei constitute the building blocks of atoms,

molecules, and crystals. Despite the presence of other forces, such as gravitational

and nuclear forces, the Coulomb interaction predominates in determining structural,

electronic, and optical properties. The dominance of the Coulomb interaction stems

from the significant difference in magnitude between the gravitational potentials

and the Coulomb for nuclei and electrons (at least 10−9) and the limited range

of interaction of the nuclear forces (10−15 m), which confines the nucleus without

15
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affecting the properties of our interest.

In non-relativistic cases, the time-independent Hamiltonian for these systems, in

Hartree units, is:

Ĥ = −

Te︷ ︸︸ ︷
N∑
i=1

∇2
i

2
−

Tn︷ ︸︸ ︷
M∑

A=1

∇2
A

2MA

−

Vne︷ ︸︸ ︷
N∑
i=1

M∑
A=1

ZA

riA
+

Uee︷ ︸︸ ︷
N∑
i=1

N∑
j ̸=i

1

rij
+

Vnn︷ ︸︸ ︷
M∑

A=1

M∑
B ̸=A

ZAZB

RAB

, (2.1)

This Hamiltonian operator consists of the sum of the kinetic energy of electrons (Te)

and nuclei (Tn), the electrostatic interaction between electrons and nuclei (Vne),

and the interactions between electrons (Uee) and nuclei (Vnn). Here, MA and ZA

represent the mass and atomic number of the nuclei, riA indicates the distance

between the electrons and the nuclei, rij denotes the distance between the electrons,

RAB represents the distance between the nuclei, and ∇2
i (∇2

A) is the kinetic operator

for the electrons (nuclei). As the Hamiltonian in equation 2.1 does not depend

on time, determining the quantum states involves finding the stationary states by

solving the MB time-independent Schrödinger equation:

ĤΨ(r1 . . . rN ,R1 . . .RM) = EΨ(r1 . . . rN ,R1 . . .RM) , (2.2)

where Ψ is the wave function and E is the total energy. The set r represents the

electrons’ positions and R represents the positions of the nuclei.

Although equation 2.2 completely determines the quantum problem stated above,

solving this equation is rather prohibitive and generally increases exponentially91,92.

The first simplification involves noting that the dynamics of the nuclei are slower

than that of the electrons. So, the electron dynamics can be considered to occur

with fixed nuclei. This is known as the Born-Oppenheimer (BO) approximation93,

which allows the decoupling of the dynamics of the electrons and nuclei. The use

of BO separation allows the identification of the electronic Hamiltonian in the MB

Hamiltonian (equation 2.1):

Hele = −
N∑
i=1

∇2
i

2
−

N∑
i=1

M∑
A=1

Za

riA
+

N∑
i=1

N∑
j ̸=i

1

rij
, (2.3)
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that gives rise to the Schrödinger equation for electrons:

Ĥeleψ(r1, . . . rN ;R1 . . .RM) = ψ(r1, . . . rN ;R1 . . .RM) . (2.4)

Here, the electronic wave functions depend parametrically on the nuclear coordi-

nates, as the Hamiltonian Ĥele includes an electron-nuclei Coulomb potential. Em-

ploying the BO approximation, the nuclear motion will be determined by Coulomb

repulsion and the energy surface generated by the electrons, as solving Equation 2.4.

In this work, the classical conjugate gradient algorithm94 governs the dynamics of

the nuclei.

2.1.1 Independent Electrons Approximation

As mentioned in the previous section, the wave function of the electronic Schrödinger

equation (equation 2.4) depends on all electrons and nuclear coordinates, represented

as ψ = ψ(rN ;RM), for N electrons and M nuclei. It worth noting that the Hamil-

tonian in equation 2.3 resembles that of independent electrons with an external

potential when electron-electron repulsion is ignored. By temporarily neglecting the

Coulomb interaction between electrons, we obtain the following Schrödinger equa-

tion: [
N∑
i=1

∇2
i

2
−

N∑
i=1

M∑
A=1

Za

riA

]
ψ = ϵψ . (2.5)

Such a drastic simplification allows us to write the MB wave function (ψ) as a com-

bination of individual electrons orbitals (ϕi(ri;RM)) in form of Slater determinant,

which takes into account the Fermi exclusion principle:

ψ(r1, . . . rN ;RM) =
1√
N !

∣∣∣∣∣∣∣∣
ϕ1(r1;RM) . . . ϕN(r1;RM)

...
. . .

...

ϕ1(rN ;RM) . . . ϕN(rN ;RM)

∣∣∣∣∣∣∣∣ . (2.6)

Consequently, the approximation introduced in Equation 2.6 allows mapping an MB

problem to a single-body problem. Computing the electron density at each space

coordinate (r) is straightforward, as it is obtained as the probability that each orbital
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is in this coordinate. That is,

n(r) =
N∑
i=1

|ϕi(r;RM)|2 . (2.7)

2.1.2 Mean Field Approximation

The independent electrons approximation (IPA) introduced in the last section does

not correspond to a real situation where the electronic repulsion cannot be discarded.

However, the IPA allows us to write the electronic problem in terms of individual

electrons, which simplifies the problem. To address the issue of discarding the elec-

tronic repulsion but keeping the single-particle perspective, we can introduce the

mean-field approximation, where each electron perceives the repulsion of other elec-

trons as the mean electrostatic potential. Thus, we introduce the Hartree potential:

VH(r) =

∫
dr

′ n(r
′
)

|r− r′ |
, (2.8)

that describes the classical Coulomb interaction between the electron density in two

different points of space. So, the equation 2.5, which discards the electron-electron

interaction, can berewritten as:[
N∑
i=1

∇2
i

2
−

N∑
i=1

M∑
A=1

Za

riA
+

∫
dr

′ n(r
′
)

|r− r′ |

]
ϕi(r) = ϵiϕi(r) , (2.9)

which maintains the single-particle perspective while taking into account the

Coulomb repulsion between electrons.

2.2 Density Functional Theory

In previous sections, we have described the quantum many problem and some pos-

sible simplifications, such as the Born-Oppenheimer approximation, where we could

identify the electronic Hamiltonian from the many-body Hamiltonian, we introduce

the independent particle approximation and mean-field approximation that enable a

more simple description of a many-body quantum problem. Despite the simplifica-

tions presented in previous sections, density functional theory (DFT) has emerged

as a successful tool to describe several properties of atoms, solids, and extended

systems at reasonable computational cost95.
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The theory is based on the Hohenberg-Kohn (HK) theorems and the Kohn-Sham

equations (KS), as presented in sections 2.2.1 and 2.2.2, respectively. It allows for

the description of a many-body problem in terms of electronic density instead of the

wave function. This perspective change allows for the mapping of a problem of N

electrons in three spatial coordinates, i.e., the 3N problem, into a density problem,

which is a single-coordinate problem that depends on three coordinates.

The density functional theory (DFT) aims to define a wavefunction (ϕ) from the

perspective of a single particle in the fundamental state, such that it is a function of

the density. Similarly, the value of an observable (O) in the fundamental state will

also be a function of the density. That is:

ϕ0(r) = ϕ0[ρ0(r)] , (2.10)

O[ρ0] =

∫
ϕ∗
0[ρ0(r)]Ôϕ0[ρ0(r)]dr . (2.11)

In section 2.1.2, the term for electronic repulsion between two particles is defined in

terms of electronic density. Therefore, to proceed, we also need to define the terms

for single-particle kinetic energy and the external potential of nuclei to electrons in

terms of density. This transition is guaranteed by the Hohenberg-Kohn Theorems

presented in the next section.

2.2.1 Hohenberg-Kohn Theorems

The Hohenberg-Kohn (HK) theorems, as stated above, offer the possibility of de-

scribing the electronic MB problem in terms of density and obtaining the exact

energy in the fundamental state96.

Theorem 1. The external potential felt by electrons is a unique functional of the

electron density.

Proof. Suppose that we have an electronic Hamiltonian Ĥ = T̂ + Û + V̂ defined

by the sum of kinetic energy (T̂ ), two-electron potential (U), and external potential

(V̂ ), leading to the wavefunction ϕ0 = ϕ0[ρ(r)] in the fundamental state. Now, we

introduce the Hamiltonian Ĥ
′

= T̂ + Û+ V̂
′
, which has a different external potential

(V̂
′
). The Hamiltonian Ĥ

′
has the wave function ϕ

′
0 = ϕ

′
0[ρ(r)] with the same density

as the first Hamiltonian.Considering that the fundamental state is not degenerate,
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according to the variational principle:

E0 =

∫
ϕ∗
0Ĥϕ0dr <

∫
ϕ

′∗
0 Ĥϕ

′

0dr ,

E
′

0 =

∫
ϕ∗′
0 Ĥ

′
ϕ

′

0dr <

∫
ϕ∗
0Ĥ

′
ϕ0dr . (2.12)

Combining equation 2.12 we get:∫
ϕ∗
0Ĥϕ0dr <

∫
ϕ

′∗
0 Ĥϕ

′

0dr =

∫
ϕ

′∗
0 Ĥ

′
ϕ

′

0dr +

∫
ϕ

′∗
0 [V̂ − V̂

′
]ϕ

′

0dr . (2.13)

Write the expected value of the external potential as
∫
ϕ∗
0V̂ ϕ

′
0dr =

∫
ρ(r)v(r)dr,

where v(r) represents the Coulomb potential at each point. From equa-

tions 2.13 and 2.12:

E0 < E
′

0 +

∫
[v(r) − v

′
(r)]ρ0(r)dr , (2.14)

E
′

0 < E0 +

∫
[v

′
(r) − v(r)]ρ0(r)dr , (2.15)

then:

E0 + E
′

0 < E
′

0 + E0 , (2.16)

this presents a contradiction. Since the two wave functions ϕ0 and ϕ
′
0 are generated

by the same density ρ0, they must be equal to avoid this contradiction. Then,

determining the density of the system is equivalent to minimizing the energy as a

function of the density.

Theorem 2. The energy in the ground state E[ρ] is minimum for the exact electron

ρ(r) density,

E[ρ] =

∫
ϕ∗(r)Ĥϕ(r)dr . (2.17)

Proof. Consider that in the ground state we have density ρ0 and wave function ϕ0

generated by the Hamiltonian Ĥ = T̂ + Û + V̂ , and there is another state with

density ρ and wave function ϕ not generated by the Hamiltonian Ĥ. Hence, the
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following relations hold:

ρ ̸= ρ0 ⇒ ϕ ̸= ϕ0 , i.e. , E > E0 ,

ρ = ρ0 ⇒ ϕ = ϕ0 , i.e. , E = E0 . (2.18)

Separating the external potential in equation 2.20, we can define a universal func-

tional F [ρ] that is valid for any electronic system:

E[ρ] =

F [ρ]︷ ︸︸ ︷∫
ϕ∗(r)[T̂ + Û ]ϕ(r)dr+

∫
ϕ∗(r)V̂ ϕ(r)dr , (2.19)

such that the external energy depends on the system. Analogously, for the ground

state, the total energy is given by:

E[ρ0] = F [ρ0] +

∫
ϕ∗
0(r)V̂ ϕ0(r)dr . (2.20)

Applying the variational principle to equations 2.19 and 2.20 and taking into account

the relations (2.18), we get:

E[ϕ0] < E[ϕ]

F [ρ0] +

∫
ϕ∗
0(r)V̂ ϕ0(r)dr < F [ρ] +

∫
ϕ∗(r)V̂ ϕ(r)dr . (2.21)

As the electronic density defines the expected value of the external potential, then:

E[ρ0] < E[ρ] . (2.22)

Theorem 1 emphasizes that the external potential defines the density of the system,

and theorem 2 introduces the uniqueness of the electronic density in the ground

state.

2.2.2 Kohn-Sham Equations

The HK theorems state the possibility of describing the energy in the ground state as

a functional of the density. Despite the Hartree potential presented in equation 2.8,
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the other terms are not yet defined in terms of electronic density. The Kohn-Sham

(KS) equations provide a way to solve the electronic problem in terms of density.

The KS formulation of DFT is based on an ansatz that allows the replacement of

the original interacting system with an auxiliary system of independent particles

while maintaining the density of the interacting density.

From the universal functional defined in equation 2.19, it is useful to separate the

classical Coulomb interaction:

F [ρ] =
1

2

∫ ∫
ρ(r)ρ(r

′
)

|r− r′|
drdr

′
+G[ρ] , (2.23)

thus, the total energy is given by:

E[ρ] =

∫
v(r)ρ(r)dr +

1

2

∫ ∫
ρ(r)ρ(r

′
)

|r− r′|
drdr

′
+G[ρ] , (2.24)

where G[ρ] is also a universal functional valid for any electronic system. Kohn and

Sham proposed a form for this universal functional written as equation 2.25.

G[ρ] ≡ T0[ρ] + Exc[ρ] , (2.25)

where T0 represents the non-interaction kinetic energy and Exc denotes the exchange-

correlation energy, encompassing all quantum contributions neglected in previous

terms in equations 2.24 and 2.25. Then, the functional of energy is given by:

E[ρ] =

∫
v(r)ρ(r)dr +

1

2

∫ ∫
ρ(r)ρ(r

′
)

|r− r′ |
drdr

′
+ T0 +

∫
ρ(r)Exc[ρ(r)]dr . (2.26)

From theorem 2, we can apply the HK variational principle with the constraint of

the total number of electrons (N),∫
ρ(r)dr = N, ρ(r) =

∑
i

|ϕi(r)|2 . (2.27)
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Thus:

δ

(
E[ρ] − µ

[∫
ρ(r)dr−N

])
= 0 ,∫

δρ(r)

{
δT0
δρ

+ v(r) +

∫
ρ(r

′
)

|r− r′|
dr

′
+ VXC [ρ] − µ

}
dr = 0 , (2.28)

where Vxc[ρ] is given by:

Vxc[ρ] =
δExc[ρ]

δρ
. (2.29)

Evaluating T0 using:

T0 =
∑
i

∫
ϕ∗
i (r)

∇2

2
ϕi(r)dr, (2.30)

where ϕi represents the Kohn-Sham orbitals, it is possible to solve the single-particle

Schrödinger equation:

ĤKS︷ ︸︸ ︷(
−∇2

2
+ vKS[ρ]

)
ϕi(r) = ϵiϕi(r), (2.31)

where vKS[ρ] is the Kohn-Sham effective potential given by:

vKS(r) = v(x) +

∫
ρ(r

′
)

|r− r′|
dr

′
+ VXC [ρ(r)] . (2.32)

Equations 2.31 need to be solved using a self-consistent KS cycle method, as shown

in Figure 2.1. The Kohn-Sham equations are solved as follows:

1. The cycle starts with the overlap of free-atom electronic (ρi = ρ0) densities.

During the non-self-consistent steps, the KS equations were solved without

changing the initial electronic densities to give a good initial kick-start for KS

wavefunctions.

2. During self-consistent steps, the electronic density of the previous step (ρi)

mixes with a new (random) electronic density that generates ρi+1.

3. This electronic density determines the Kohn-Sham potential, using equa-

tion 2.32, which is used to solve the KS equation (equation 2.31).
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4. The cycle continues until the convergence criteria of the cycle are reached,

comparing the energy generated by the density at steps i and i+ 1

5. The cycle stops if the convergence is reached. The observables are calculated

with the electronic density and wave function that minimizes the total energy.

Steps 2 and 4 are repeated during structural optimization until the optimized

structure is reached.

Figure 2.1 displays the KS self-consistent cycle, illustrating the steps mentioned

above.

Forces 

Observables

Yes

No

Calculate new 

density

Solve 

Kohn-Sham

equation 

Mix density

Evaluate

convergence 

Initial 

density

Figure 2.1: Kohn-Sham self-consistent cycle which is used for solving the
Kohn-Sham equations iteratively [source: own authorship].

2.2.3 Approximations to the Exchange-Correlation Functional

In principle, the Kohn-Sham formulation of the DFT is formally equivalent to the

Schrödinger equation for an electronic system97. However, the analytical form of

the XC functional in equation 2.26 is unknown, thus, defining a form for this term

has several important contributions and is a subject of study ultil now. A simple

approximation called the local density approximation98 (LDA) defines this term as
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for a homogeneous electron gas in each site:

ELDA
XC =

∫
ϵLDA
XC [ρ(r)]dr , (2.33)

where ϵLDA
XC represents the XC energy for a homogeneous electron gas with density

ρ. From equation 2.29:

V LDA
XC ≡ d

dρ(r)

(
ρ(r)ϵLDA

XC [ρ(r)]
)
. (2.34)

In LDA, ϵLDA
XC can be decomposed as the sum of exchange and correlation contribu-

tions, where the exchange energy for a uniform gas is analytically known:

ϵLDA
X (ρ(r)) = −3kF (ρ(r))

4π
, (2.35)

where kF (ρ(r)) = (3π2ρ(r))1/3 represents the Fermi wave number. Different param-

eterizations define the correlation part, based on quantum Monte Carlo simulations,

such as the one proposed by Perdew and Wang99.

Despite the simplicity of the XC energy given by equation 2.33, it fails to describe

systems with a larger non-uniform electronic density. A refinement of LDA considers

the XC energy not only by the local density but also by considering the gradient

of the density. This is called the Generalized Gradient Approximation (GGA). The

general form of the GGA is:

EGGA
XC [ρ] =

∫
f(ρ(r),∇ρ(r))dr . (2.36)

In this work, we use the parametrization of the GGA functional proposed by Perdew,

Burke, and Ernzerhof (PBE)100. In the PBE, the exchange energy calculates as:

EPBE
X =

∫
ρ(r)ϵLDA

X (ρ(r))FX(s)dr , (2.37)

where equation 2.35 calculates the term ϵLDA
X (ρ(r)) , s = |∇ρ(r)|

2ρ(r)kF (ρ(r))
is a dimension-

less gradient of density, and FX is calculates as

FX(s) = 1 + κ− κ

1 + µs2/κ
. (2.38)
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PBE functional defines the coefficients as κ = 0.804 and µ = 0.21951. The parameter

FX scales the exchange energy given by the LDA XC energy, which was obtained by

evaluating the asymptotic limits.

Now, the correlation part of PBE is written as:

EPBE
C =

∫
ρ(r)[ϵLDA

c (rs) +H(rs, t)]dr , (2.39)

where,

H(rs, t) = γln

[
1 +

β

γ
t2
(

1 + At2

1 + At2 + A2t4

)]
. (2.40)

In the preceding equation, rs is the Wigner-Seitz radius, t = |∇ρ(r)|
2ρ(r)rs(ρ(r))

and,

A =
β

γ

[
exp{−ϵ

LDA
c

γ
} − 1

]−1

, γ =
(1 − ln(2))

π2
, (2.41)

with the parameters β and ϵLDA
c given by Perdew and Wang for LDA correlation.

The so-called local (LDA) or semilocal (GGA) suffers from a problem called self-

interaction error (SIE). The SIE becomes apparent when analyzing the Hartree

energy:

EH =
1

2

∫ ∫
ρ(r)ρ(r

′
)

|r− r′|
drdr

′
. (2.42)

When solving the KS equations, the density given by ρ(r) =
∑

n ϕ
∗
n(r)ϕn(r) can be

replaced in previous equation resulting in:

EH =
1

2

∑
n

∑
m

∫ ∫
ϕ∗
n(r)ϕn(r)ϕ∗

m(r
′
)ϕm(r

′
)

|r− r′|
drdr

′
, (2.43)

where n and m index the KS eingenstate. We note that if n = m, the contribution

is:

EH =
1

2

∫ ∫
ρ(r)ρ(r

′
)

|r− r′|
. (2.44)

The equation 2.44 shows the self-interaction, that is, the interaction of the electron
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with itself. For correct XC energy the energy in equation 2.44 should cancel exactly,

EXC − EH = 0 , (2.45)

however, for the local and semilocal XC functionals, as in the case of PBE and LDA,

the previous equation is not zero, this is the self-interaction error.

Although the PBE approximation to the XC energy can provide several properties,

such as structural properties and binding energies, it tends to underestimate the

band gap compared to experimental results101. Thus, since this work focuses on

semiconductor applications, accurately describing the band gap is essential. One

proposal to reduce the SIE includes incorporating part of the exact exchange energy

from the Hartree-Fock (HF) theory,

EHF
X =

−1

2

∫ ∫ ∑
n,m

ϕ∗
n(r)ϕ∗

m(r
′
)ϕn(r

′
)ϕm(r)

|r− r′ |
drdr

′
, (2.46)

on the KS total energy, which is called a hybrid functional. Here, we choose the

proposal of Heyd, Scuseria, and Ernzerhof (HSE06) that includes only the short

range of EHF
X , that is, splitting the bare Coulomb operator into short- (SR) and

long-range (LR)

1

|r− r′|
=

SR︷ ︸︸ ︷
erfc(ω|r− r

′|)
r− r′ +

LR︷ ︸︸ ︷
erf(ω|r− r

′ |)
r− r′ , (2.47)

where ω is an adjustable parameter that gives the range of interaction. Then, the

mix of the short- and long-range exchange energy of PBE and HSE06 is as follows.

EHSE06
XC = αEHF, SR

X (ω) + (1 − α)EPBE, SR
XC (ω) + EPBE, LR

X (ω) + EPBE
C , (2.48)

with the constants α = 1/4 and ω = 0.2Å
−1

. HSE06 provides an accurate band gap

compared to other approximations to the XC term, with a reliable computational

cost, and will be used to correct the band gap of the systems, as explained in

section 3.4.2.



Chapter 2. Theoretical and Computational Methods 28

2.3 Crystalline Periodic Systems

This dissertation investigates crystalline systems, that is, structures that are re-

peated periodically in space. The set of points that repeat periodically in space

is called a Bravais lattice, where each point can have an atom, a molecule, or,

generically, a basis where the crystal structure can be represented by the symbolic

formula: Crystal = Bravais lattice + Basis, as depicts in figure 2.2. The Bravais

lattice consists of all points that follow the condition:

R = n1a1 + n2a2 + n3a3 , (2.49)

with n1,2,3 integers and a1, a2 and a3 been the direct lattice vectors of structure.

a1

a2

a1

a2

Bravais lattice Basis Crystal+ =

Figure 2.2: Simplified representation of a Crystal in 2D. The left panel rep-
resents a represents a Bravais lattice defined by the lattice parameters a1

and a2. The gray area represents the unit cell. When a basis (center panel)
is positioned in each point of the Bravais lattice the crystal is constructed
(right panel). [source: own authorship]

In these crystalline systems, the basic repetition unit is the unit cell, where, by

translation of the unit cell, the crystal is constructed. There is no unique definition

of unit cell, as depicted in figure 2.3. So, we can define the primitive unit cell

(for simplicity referred to here as the unit cell) as the volume defined by the lattice

vectors that contains only one Bravais lattice point1 which is a basic repeat structure

in a Bravais lattice. Furthermore, the Wigner-Seitz cell is a possible choice of the

primitive cell and is defined by Voronoi decomposition, as depicted in figure 2.3.

1It seems that in the left panel of figure 2.2 contains more than one point, but each point is
shared with neighboring cells; thus, each point contributes to 1

4 totaling 1.
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a1

a2

Bravais Points

U

P Primitive U Unit WS Wigner-Seitz

WS

Figure 2.3: Different Definitions of zones in the real space. [source: own
authorship]

Translation symmetry follows the condition that all points in the crystal can be

generated through r
′

= r + R, where r is a position in the unit cell. At the crystal

periodicity, an observable also needs to have this periodicity. Consider, for example,

the electronic density ρ(r) in the unit cell,

ρ(r + R) = ρ(r) , (2.50)

with Rn given by equation 2.49. This periodicity ensures the possibility of using

plane-wave expansions via Fourier analysis, that is,

ρ(r) =
∑
G

ρGe
iG·r (2.51)

and, as required by equation 2.50 we must have,∑
G

ρGe
iG·r =

∑
G

ρGe
iG·(r+R) =

∑
G

ρGe
iG·ReiG·r , (2.52)

which is satisfied if eiG·R = 1, thus, G ·R = 2πN , with N integer. The vector G

can be chosen as a combination of reciprocal lattice vectors (b1, b2 and b3), that is,

G = m1b1 +m2b2 +m3b3 , m1, m2, and m3 integers , (2.53)

where,

b1 = 2π
a2 × a3

a1 · (a2 × a3)
,b2 = 2π

a3 × a1

a1 · (a2 × a3)
,b3 = 2π

a1 × a2

a1 · (a2 × a3)
. (2.54)
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The coefficients in equation 2.51 expands as taking the inverse Fourier transform as

ρG =
1

Ωcell

∫
cell

dV ρ(r)e−iG·r , (2.55)

where cell stands for the cell defined by the lattice vectors in real space while Ωcell

is the volume, calculated as:

Ωcell = a1 · (a2 × a3) . (2.56)

Another important concept is the Brillouin Zone (BZ), which is defined as the

Wigner-Seitz cell in reciprocal space, with the construction exemplified in the fig-

ure 2.3. Then, we denote a vector inside the BZ by k.

In crystalline systems, the nuclei generate a periodic potential that electrons are

subject to the form

V (r + R) = V (r) , (2.57)

with r been a coordinate and R a translation with respect of lattice vectors. The goal

here is thus to solve a Schrodinger equation with potential subject to the condition

in equation 2.57, that is, [
−∇2

2
+ V (r)

]
ψ = ϵψ . (2.58)

The Bloch theorem102,103 give the solutions for those systems:

Theorem 3. The eigenstates ψ of the one-electron Hamiltonian in equation 2.58

subject to the condition 2.57 far all R in a Bravais lattice, can be chosen to have

the form of a plane wave times the periodicity of the Bravais lattice:

ψnk(r) = eik·runk(r) , (2.59)

unk(r + R) = unk(r) (2.60)

where, n indexes the band and k is a vector within the BZ.

In DFT, we can apply the Bloch theorem, such as the KS orbitals written as:

ϕnk(r) = eik·runk(r) (2.61)
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and, as unk(r) must have the same periodicity of the lattice, this suggests the pos-

sibility of employing plane wave expansion,

unk(r) =
∑
G

cnk(G)eiG·r , (2.62)

where, the sum goes for a set of G satisfying the relation,

1

2
|k + G|2 < Ecutoff . (2.63)

In the previous equation, Ecutoff is the cut-off energy for the set of plane waves.

When using the Bloch orbitals in the KS equation, the effective potential (equa-

tion 2.32) can be described in terms of the Fourier transform,

veff (r) =
∑
G

eiG·rṽeff (G) , (2.64)

where the effective potential in reciprocal space transforms from real space as,

ṽeff (G) =
1

Ω

∫
Ω

veff (r)e−iG·rdr . (2.65)

Finally, the coefficients of equation 2.62 and the energy bands (ϵnk) are obtained by

solving the Kohn-Sham equation in reciprocal space,

∑
G′

[
1

2
|k + G|2δGG′ + ṽeff (G−G

′
)

]
cnk(G

′
) = ϵnkcnk(G) . (2.66)

2.3.1 Projector Augmented Wave Method

The description of core electrons using plane-wave expansion, as shown in the pre-

vious section, is computationally expensive because of the rapid oscillations of wave

functions near the nuclei. Moreover, in many solid calculations, the core electrons

have little influence on some properties, such as atomic binding and the inter-

action with light with matter. The Projector Augmented Wave Method (PAW)

method emerges as an approximation, motivated by ultra-soft pseudopotentials104,105

(USPP) and linearized augmented plane wave106 (LAPW), as an approximation to

a computationally efficient evaluation of electronic states of valence without compu-

tational cost to describe core electrons.
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In the PAW method, all electron (AE) wave functions ψnk are constructed by a linear

transformation (T) based on smooth pseudo functions (PS) ψ̃nk that act only within

a spherical augmented region (Ωα) centered on each atomic site (α). Outside of those

augmented regions (interstitial), both AE and PS wave functions must coincide. A

transformation satisfying these conditions can be written as:

|ψnk⟩ = T|ψ̃nk⟩ ,

T = 1 +
∑
i

(|ϕi⟩ − |ϕ̃i⟩)⟨p̃i| , (2.67)

where ϕi is the AE partial wave function which is solutions for an isolated atom, and

ϕ̃i is the PS partial wave function which is equal to the AE partial wave function

in the interstitial region and matches continuously with ϕi inside the augmented

regions. The projection functions p̃i are dual of the partial wave function outside of

the augmented region:

⟨p̃i|ϕ̃j⟩ = δij . (2.68)

Then, the all-electron wavefunction is written as:

|ψnk⟩ = |ψ̃nk⟩ +
∑
i

(|ϕi⟩ − |ϕ̃i⟩)⟨p̃i|ψ̃nk⟩ . (2.69)

Here, we also explore the frozen core approximation, where the core electrons are

kept frozen from the generated PAW projector. Figure 2.4 presents a schematic

representation of the PAW method.

= - +

AE waves PS waves PS onsite AE onsite

Figure 2.4: Schematic representation of the PAW method. [source: own
authorship]
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2.4 Spin-Orbit Coupling

In the preceding sections of this chapter, relativistic effects were neglected. Rel-

ativity is of fundamental importance for describing heavy elements in the crystal

structure, notably in the vicinity of the nuclei97. This work employs spin-orbit cou-

pling (SOC) to include relativistic effects in the study of electronic properties and

their impact on excitonic properties, as pointed out in other works107,108. We did

not include SOC effects in the calculation of structural properties due to their low

impact on determining the optimized structure109.

In our treatment, using the PAW method, SOC is included through perturbation

theory, with SOC energy given by110:

Hαβ
SOC =

ℏ
(2mec)2

K(r)

r

dV (r)

dr
σ⃗αβ · L, (2.70)

where L = r× p, σ⃗ are the Pauli matrices, V (r) describes the spherical part of the

effective all-electron potential inside the PAW spheres, and

K(r) =

(
1 − V (r)

2mec2

)−2

, (2.71)

withme being the electron mass and c the speed of light in the vacuum. The inclusion

of SOC causes splitting in the band structure due to the break of degeneracy in some

parts of the band structure caused by the effect of nuclei on electrons. Its inclusion

possibly impacts the band gap and will be taken into account to correct the band

gap.

2.5 Tight Binding Calculations

The tight-binding (TB) method consists of describing the electronic structure by

overlapping the individual atomic orbitals to describe the electronic states in a crys-

tal. For an insulating material, the overlap between atomic states is low, which

is opposite to the case for an insulating material, where the overlap is large and

tends to drastically modify the individual atomic levels. However, semiconductor

materials have localized atomic levels with low overlap of valence states. Thus, the

TB method is reliable for describing semiconductors, where the overlap of atomic

orbitals is not big enough to require dramatic change in individual atomic levels,



Chapter 2. Theoretical and Computational Methods 34

but corrections are needed to better describe the interaction of valence states with

neighboring atoms.

We start constructing a linear combination of localized atomic orbitals χµ(r−R) ,

satisfying the Bloch theorem (theorem 3):

ϕµ(k, r) =
1√
N

∑
R

eik·Rχµ(r−R− τα) , (2.72)

where, R indexes the atomic site and τα the atomic site for systems with more than

one atom per unit cell. For simplicity, let us consider only one atom per unit cell,

in this case previous equation is written as:

ϕµ(k, r) =
1√
N

∑
R

eik·Rχµ(r−R) , (2.73)

The elements of a given Hamiltonian Ĥ(r) = Ĥ(r+R), using the previous function

are evaluated as:

Hµν(k) =

∫
ϕ∗
µ(k, r)Ĥϕν(k, r)dr ,

=
1

N

∑
R,R′

eik·(R−R
′
)

∫
χ∗
µ(r−R)Ĥχν(r−R

′
)dr , (2.74)

and, by translation symmetry:

Hµν(k) =
∑
R′′

eik·R
′′

hµν(R
′′
)︷ ︸︸ ︷∫

χ∗
µ(r)Ĥχν(r−R

′′
)dr . (2.75)

Since the atomic wave functions ϕ are not orthogonals111, the matrix elements of

overlap between wave functions are constructed as follows:

Sµν(k) =
∑
R

′′

eik·R
′′
∫
χ∗
µ(r)χν(r−R

′′
)dr . (2.76)

If we construct the Bloch wave functions as a linear combination of atomic wave
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functions, as they respect the Bloch theorem, as:

ψn(k, r) =
∑
µ

Cnµ(k)ϕµ(k, r) , (2.77)

The energy of n-th eigenstate is calculated as:

En(k) =

∫
ψ∗
n(k, r)Ĥψn′ (k, r)dr∫
ψ∗
n(k, r)ψn′ (k, r)dr

. (2.78)

Now, replacing the eingenstates 2.77 in 2.78,

En(k) =

∫ ∑
µ,ν C

∗
nµ(k)Cnν(k)ϕ∗

µ(k, r)Ĥϕν(k, r)dr∫ ∑
µ,ν C

∗
nµ(k)Cnν(k)ϕ∗

µ(k, r)ϕν(k, r)dr
,

=

∑
µ,ν C

∗
nµ(k)Cnν(k)Hµν(k)∑

µ,ν C
∗
nµ(k)Cnν(k)Sµν(k)

(2.79)

as defined in equations 2.75 and 2.76. These equations are fixed, since they were

constructed based on atomic orbitals, then the solution of equation 2.79 is given by

the equation: ∑
ν

[Hµν(k) − En(k)Sµν(k)]Cnν(k) = 0 . (2.80)

2.5.1 Wannier Interpolation

The Wannier functions38 are an orthogonal complete basis set of localized functions

in the real space for crystalline systems. The study of excitonic and optical properties

of the present work employs the tight-binding model, where, the electronic structure

is obtained by employing density functional theory and further parameterized using

Maximally Localized Wannier functions112 (MLWF).

A set of N isolated Bloch bands ψnk(r), as presented in theorem 3, can be linked to

a set of N Wannier functions wnR(r) = wn(r−R) by the transformation:

|nR⟩ = |wnR⟩ =
V

(2π)3

∫
BZ

[
N∑

m=1

U (k)
mn|ψmk⟩

]
e−ik·Rdk , (2.81)

where, V is the volume of the unit cell in real space, and the integration is taken

in the Brillouin Zone in reciprocal space. Similarly, the transformation of a set of
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entangled bands is written as:

|nR⟩ = |wnR⟩ =
V

(2π)3

∫
BZ

[
N∑

m=1

U (k)
mn|ψmk⟩

]
e−ik·Rdk . (2.82)

In the above equations, U
(k)
mn (U

dis(k)
mn ) is a unitary transformation that mixes several

bands in the wave vector k. Because of the freedom in the choice of the unitary

transformation U
(k)
mn (U

dis(k)
mn ), the Wannier functions for a set of Bloch states in

non-unique with leaves to a different spread of Wannier states. The MLWF ap-

proach consists of choosing this unitary transformation that minimizes the sum of

the quadratic spread of the Wannier states about its centers, that is,

Ω =
∑
n

[
⟨0n|r2|0n⟩ − ⟨0n|r|0n⟩2

]
(2.83)

Now, having determined the set of Wannier states for the band structure, the rep-

resentation of a Hamiltonian operator in these states is written as:

H(w)(k) = (U (k))†(Udis(k))†H(k)U (k)Udis(k) , (2.84)

where, Hnm(k) = ϵnkδnm.

2.6 Excitonic and optical Properties

The excitonic and optical properties in this work were calculated using the TB

Hamiltonian parameterized by the MLWF based on the electronic structure obtained

by the DFT. This section presents the Bethe-Salpeter equation (BSE) formalism to

calculate the excitonic properties as the optical calculation in both, IPA and BSE

frameworks.

2.6.1 Bethe-Salpeter Equation

We start the derivation of the Bethe-Salpeter equation with a description of the

excitations in semiconducting systems considering a two-band model. The ground
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state constructs as:

|ϕ0⟩ =
∑
k

N∏
v=1

c†kv|0⟩ = |FS⟩ , (2.85)

with k sum over the first BZ, v runs over the number of electrons, where |0⟩ is the

vacuum state. Then, a single-particle excitation is created annihilating an electron

in valence (v) and creating in the conduction (c) band, that is:

|ϕX⟩ = c†kcckv|FS⟩ ⊗ |0⟩⊗M

, (2.86)

where, b†k,cv is the creation operator of a single particle excitation in a specific

k−point. Similarly, bk,cv annihilates a single-particle excitation. Throughout this

dissertation, we do not consider indirect (phonon-assisted) transitions because we

want to describe optically excited states. In addition to that, other possible exciton

complexes, such as biexcitons and trions, are not described.

From equation 2.86, we construct a basis of single excitation, in Tamm-Dancoff

approximation (TDA) as:

{|ϕX⟩} =
N∑
v=1

M∑
c=1

∑
k

c†kcckv|FS⟩ ⊗ |0⟩⊗M

, (2.87)

for N valence and M conduction states. We use this basis of single excitations for

expanding the exciton eigenstates:

|Xkcv⟩ = |kcv⟩ = A
(n)
kcvc

†
kcckv|FS⟩ ⊗ |0⟩⊗M

. (2.88)

where, n is the n-th excitonc states in k−point.

After defining a basis for such excited states, we need to solve the eigenvalue problem:

⟨k′
c
′
v

′|Ĥe|kcv⟩A(n)
k,cv = A

(n)
k,cvE

(n)
cv , (2.89)

with E
(n)
cv being the n-th exciton eigenvalue between band v and c, and ĤX the

excitonic Hamiltonian, that we construct as containing the electrons and holes one-
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particle operator and the Coulomb between both:

Ĥe =
∑
k


Ĥ

(1)
X︷ ︸︸ ︷

ϵkvc
†
kvckv + ϵkcc

†
kcckc +

Ĥ
(2)
X︷ ︸︸ ︷∑

k′

V k,k
′

vcv′c′

 , (2.90)

where, ϵkv(c) is the eigenvalue in the valence (conduction) band, and V k,k
′

c,v is the

Coulomb interaction term. The equation 2.89 evaluated with the Hamiltonian 2.90

leads to the Bethe-Salpeter equation113 (BSE):

(Ec,k − Ev,k)A
(n)
kcv +

1

ΩBZ

∑
k′v′c′

W(k,v,c),(k′ ,v′ ,c′ )A
(n)

k′c′v′
= E(n)

cv A
(n)
kcv . (2.91)

2.6.2 Light-Matter Interaction

The optical properties are studied through the real (re) and imaginary (img) parts of

dielectric tensor51, which in the scope of independent particle approximation (IPA)

writes as:

ϵ(re),α,β(ω) = δα,β +
e2

ϵ0ΩNk

∑
k,c,v

F c,v,k
α,β

(Ec,k − Ev,k) − ℏω
(ℏω − (Ec,k − Ev,k))2 + η2

, (2.92)

ϵ(img),α,β(ω) =
e2

ϵ0ΩNk

∑
k,c,v

F c,v,k
α,β

η

(ℏω − (Ec,k − Ev,k))2 + η2
, (2.93)

where, α (β) is the direction of incident radiation (x, y or z), ϵ0 the dielectric

constant in vacuum, Ω the volume of the unit cell, Nk the number of k-points in

reciprocal space, η a smooth factor and F c,v,k
α,β the oscillator force defined as,

F c,v,k
α,β =

⟨c,k|Pα|v,k⟩⟨v,k|Pβ|c,k⟩
(Ec,k − Ev,k − iη)(Ec,k − Ev,k + iη)

, (2.94)

with Pα(β) been the light-matter operator given by: Pα = ∂H(k)
∂kα

.

In the context of BSE, the real and imaginary parts of the dielectric tensor are



Chapter 2. Theoretical and Computational Methods 39

calculated as:

ϵ(re),α,β(ω) = δα,β +
e2

ϵ0ΩNk

∑
n

F n
α,β

E
(n)
cv − ℏω

(ℏω − E
(n)
cv )2 + η2

, (2.95)

ϵ(img),α,β(ω) =
e2

ϵ0ΩNk

∑
n

F n
α,β

η

(ℏω − E
(n)
cv )2 + η2

, (2.96)

with the oscillator force given by:

F
(n)
α,β =

[∑
c,v,k

A
(n)
kcv⟨c,k|Pα|v,k⟩

(Ec,k − Ev,k + iη)

] ∑
c′ ,v′ ,k′

A
(n∗)

k′c′v′
⟨v′
,k

′ |Pβ|c
′
,k

′⟩
(Ec′ ,k′ − Ev′ ,k′ + iη)

 . (2.97)

From expressions for the dielectric tensor shown above, the absorption coefficient is

calculated as:

Aα,β(ω) =

√
2ω

c

[√
ϵ2(re),α,β(ω) + ϵ2(img),α,β(ω) − ϵ(re),α,β(ω)

]1/2
. (2.98)

2.7 Computational Implementations and Parameters

In the work, density functional theory calculations where performed using the Vienna

ab initio Simulation Package114,115. We employ the exchange-correlation funcional

proposed by Perdew-Burke-Ernzerhof100 (PBE) for total energy calculations and

structural optimizations while the electronic properties where calculated within the

PBE including Spin-Orbit coupling (SOC). The single-particle bandgap where cor-

rected using the HSE06116,117 XC functional. Further details on DFT calculations

where presented in appendix C.1. The optical and excitonic properties were stud-

ied using the WanTiBEXOS software51 based on the single particle Tight-Binding

Hamiltonian parametrized with Wannier90 software118,119,120. Appendix C.2 and C.3

presents other details on the Wannier90 calculation and optical and excitonic prop-

erties.
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Results

This chapter presents the results of applying the methodology described in Chapter

2 as the selection procedure for 2D Transition Metal Halides (TMHs). Section 3.1

details the selection procedure and summarizes the selected systems. Subsequently,

structural optimization will be performed. Sections 3.3, 3.4, and 3.5 highlight the

electronic and optical properties, and the excitonic properties of the systems, re-

spectively. The tight-binding (TB) Hamiltonian is used to study these optical and

excitonic properties, with the TB Hamiltonian obtained from DFT electronic struc-

tures parameterized using the maximum localized Wannier functions approach.

3.1 Systems Selection Procedure

This section outlines the procedure for selecting the systems studied by searching

for promising 2D TMHs for optical applications in the Computational 2D Materials

Database89,90 (C2DB). The C2DB contains several 2D materials that are constructed

using combinatorial lattice decoration based on existing structural prototypes known

experimentally. Up to this date, there are more than 16.000 compounds with a de-

scription of structural, thermodynamic, elastic, electronic, and optical properties

calculated using the GPAW program121. Additionally, some systems in C2DB in-

clude the study of excitonic properties by BSE solution and the G0W0 method for

approximately 300 materials. The C2DB publications have been cited a total of

1.100 times (837 times89 and 263 times90)1, demonstrating its potential as a start-

ing point for the search for 2D systems.

1Data extract from Google Scholar on May 23, 2024.

40
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The Web interface allows for navigation through the materials, accessible via URL

https://cmr.fysik.dtu.dk/c2db/c2db.html. This access was facilitated using

the Atomic Simulation Environment122 (ASE) with a database file. The Python

code used to query the compounds and an example of use is presented in appendix A.

The search for promising 2D THMs for photovoltaic applications is guided by the

following criteria.

1. Compounds with stoichiometries AB , AB2, and AB3 were selected, where A

is a transition metal and B is the Halide, i.e., Cl, Br, or I. This selection was

based on a literature review in which many materials with these stoichiometries

were found.

2. Materials with band gaps using the HSE06 functional, including spin-orbit

coupling between 0.65 and 2.12 eV, were chosen. The HSE06+SOC value was

selected due to its ability to provide a more realistic description of the band

gap123. This energy interval ensures maximum efficiency above 20 % in the

Shockley-Queisser (SQ) limit124, as shown in figure 3.1.
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Figure 3.1: Shockley-Queisser limit for p-n junctions. The black solid line
shows the SQ limit according to the band gap of the semiconductor. The
red dotted lines depict band gaps that correspond to an efficiency of 20 %,
according to the red dashed line. [source: own authorship]

3. Compounds with high stability to photons, characterized by phonon bands

without imaginary frequencies, were selected. This indicates systems with

structural stability125.

https://cmr.fysik.dtu.dk/c2db/c2db.html
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4. Non-magnetic compounds were chosen. The scissors-operator methodology

(presented in section 3.4.2) was shown not to work well for magnetic systems41

due to different spin-channel corrections.

Table 3.1 presents the number of selected systems in each step cited above. Addi-

tional data on the selected structures is presented in appendix B and throughout

the next sections.

Step AB AB2 AB3 Total

Cl Br I Cl Br I Cl Br I

1: composition 55 57 54 97 95 99 49 45 46 597

2: band gap 1 2 3 15 13 14 9 5 6 68

3: Phonon stability 0 0 1 14 12 10 8 3 5 53

4: Non-Magnetic 0 0 1 6 5 7 3 0 2 24

Table 3.1: The number of systems found in C2DB in each step is grouped
according to stoichiometry and halide atom.

For the AB stoichiometry, only one system, Hg2I2, was found with space group

P3m1. The AB2 stoichiometry presents the largest number of systems (18), fea-

turing space groups P21|m, P6m2, P21|c, and P3m1. For the AB3 stoichiometry,

five systems were found with space groups P31m and P62m. Figure 3.2 shows a

stick-and-ball representation of these structures grouped according to their space

groups and the transition metals they contain. The Bravais lattices presented can

be categorized as tetragonal and hexagonal. The space group P3m1 appears twice;

to distinguish between the two structures with different stoichiometries, we denote

the AB2 structure as P3m1-α and the AB structure as P3m1-β. Additionally,

the space groups P21|c, P21|m, and P6m2 correspond to the AB2 stoichiometry,

while P62m and P31m are associated with the AB3 stoichiometry. Transition metal

halides (TMHs) based on group 2 metals (titanium, zirconium, and hafnium) ap-

pear in the space groups P21|m (tetragonal) and P6m2 (hexagonal). Metals from

groups 4 and 7 appear in a hexagonal lattice, specifically P62m and P31m. The

palladium metal halide Pd4I8 features a v-shaped tetragonal structure in the space

group P21|c.
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Figure 3.2: Summary of the structures of selected systems in C2DB is pre-
sented in this figure. Each panel displays the top and side view of a structure
corresponding to each space group, with a 5×5×1 supercell. The final panel
shows the transition metals and halides found in our search organized by fam-
ily group number.

Moreover, since the halide atoms, namely chlorine (Cl), bromine (Br), and iodine (I),

share a common oxidation state of −1, we compare their oxidation states concerning
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the metal atoms in the structures. Titanium-based TMHs exhibit a common oxida-

tion state of 2 for the metal in AB2 stoichiometry. Cobalt-based compounds display

a common oxidation state of 3 in Co2I6. Mercury-based TMHs show a common oxi-

dation state of 1 in Hg2I2 and 2 in HgI2. Pd4I8 exhibits a usual oxidation state of 2.

However, zirconium-based TMHs deviate from the norm with an unusual oxidation

state of 2 for the metal atom. The same anomaly is observed in Mo2Cl6 with an

oxidation state of 3, while hafnium and tungsten-based TMHs exhibit uncommon

oxidation states of 2 and 3 for their respective metal atoms.

3.2 Structural Optimization

Our simulations begin by optimizing the lattice parameter and the internal coor-

dinates of the atoms, where the initial structure was obtained from C2DB. The

simulations constrain the lattice vector perpendicular to the monolayer, just like

the C2DB structure, with optimized lattice parameters in the in-plane directions.

Table 3.2 shows the main lattice parameters and those found in the literature and

C2DB.

The optimized structures calculated here maintain the same space group and lat-

tice angles as those of C2DB. Moreover, our lattice parameters agree with those of

C2DB, with a maximum deviation of 0.8 %, as presented in table D.1 of the ap-

pendix. Several compositions of the TMH monolayers studied here have also been

investigated in other works, as shown in table 3.2, which are all theoretical studies.

Most of these works found that their lattice parameters deviate less than 0.02 Å

from our own. The exceptions are Co2I6 (P31m) presented by Yekta et al.127, which

deviates by 0.09 Å, and Pd4I8 (P21|c) presented by Zhang et al.75, with a deviation

of 0.08 Å from our results.

Thus, a comparison with the C2DB and several other works in literature that used

the same theoretical level allows to show the reliability of our structural parameters.

Some differences, such as for Pd4I8 might be justified by different interlayer spacing,

different cutoff energy for plane waves expansion or different points for Brillouin-

Zone integrations, which is know for affect sensibly the simulation. Though, the same

procedure and computation parameters used in this dissertation had also successfully

been used to study other 2D systems131,132,133,134.

Section C.1 of the appendix presents a discussion of complementary parameters used
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Table 3.2: In-plane lattice parameters (a0 and b0) for optimized structures,
including those from C2DB and the literature. The formula is displayed
along with the total number of atoms in the structure. The space group is
denoted as SG.

Formula (SG)
This work C2DB Literature

a0 (Å) b0 (Å) a0 (Å) b0 (Å) Ref. a0 (Å) b0 (Å)

Ti2Cl4 (P21|m) 3.25 5.91 3.25 5.91 70 3.24 5.90
TiCl2 (P6m2) 3.28 3.28 3.28 3.28 126 3.29 3.29
TiBr2 (P6m2) 3.47 3.47 3.47 3.47 - - -
TiI2 (P6m2) 3.76 3.77 3.77 3.76 - - -
Co2I6 (P31m) 6.72 6.74 6.74 6.72 127 6.81 6.81
Zr2Cl4 (P21|m) 3.33 6.23 3.33 6.24 72,128 3.34 6.23
ZrCl2 (P6m2) 3.41 3.41 3.41 3.41 - - -
Zr2Br4 (P21|m) 3.49 6.50 3.49 6.50 72 3.49 6.48
ZrBr2 (P6m2) 3.56 3.56 3.56 3.56 - - -
Zr2I4 (P21|m) 3.76 6.91 3.77 6.91 72 3.76 6.91
ZrI2 (P6m2) 3.82 3.83 3.83 3.82 - - -
Mo2Cl6 (P62m) 5.59 5.59 5.59 5.59 - - -
Rh2I6 (P31m) 6.90 6.93 6.93 6.90 129 6.92 6.92
Pd4I8 (P21|c) 7.13 9.10 7.17 9.03 75 7.14 9.02
Hf2Cl4 (P21|m) 3.27 6.16 3.28 6.16 130 3.26 6.13

67 3.27 6.14
HfCl2 (P6m2) 3.35 3.35 3.35 3.35 - - -
Hf2Br4 (P21|m) 3.43 6.43 3.44 6.42 67 3.43 6.42

68 3.43 6.41
HfBr2 (P6m2) 3.49 3.50 3.50 3.49 - - -
Hf2I4 (P21|m) 3.70 6.83 3.72 6.81 67 3.71 6.81
HfI2 (P6m2) 3.76 3.77 3.77 3.76 - - -
W2Cl6 (P31m) 5.56 5.56 5.56 5.56 - - -
W2Cl6 (P62m) 5.52 5.52 5.52 5.52 - - -
HgI2 (P3m1-α) 4.37 4.39 4.39 4.37 - - -
Hg2I2 (P3m1-β) 4.46 4.48 4.46 4.47 - - -

for structural optimizations. From these optimized structures, all other simulations

will be conducted keeping the structures frozen in their equilibrium geometry.

3.3 Density of States

To further analyze the electronic properties of the systems, we calculate the den-

sity of states (DOS) using the PBE functional and including spin-orbit coupling
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(PBE+SOC). Figures E.1, E.2, E.3, and E.4 of the appendix show the total density

of states (TDOS), the local density of states (LDOS) according to element (A and B,

where A is the transition metal and B is the halide), and LDOS projected on atomic

orbitals (A(s, p, d) and B(s, p, d, f)). The local density of states (LDOS) consid-

ers the DOS contribution on spherical shells centered on each element. The orbital

composition is calculated by projecting Kohn-Sham eigenstates onto those spherical

shells into atomic orbitals; thus it is important to emphasize that these analyses are

only qualitative because they do not describe contributions in the interstitial regions

between atoms.

Firstly, it should be noted that the density of states calculated with PBE and

PBE+SOC deviates little in the atomic states near the Fermi level, which lies within

an energy interval of 4 eV above and below the Fermi level2. Some changes in the

density of states were observed for TiI2 (P6m2), where spin-orbit coupling causes

splits in states below −2.5 eV. The Co2I6 and Rh2I6 (both with space group P31m)

exhibit a reduction in the number of states, whereas changes occur in the conduction

band minimum for Pd4I8 (P21|c) and W2Cl6 (P62m). In contrast, other systems

display only slight changes. The effects of spin-orbit coupling on electronic structure

will be highlighted in Section 3.4.1. Regarding the orbital compositions of DOS, the

inclusion of spin-orbit coupling does not significantly alter the composition near the

Fermi level; however, we note that the main changes in LDOS according to the com-

position arise from the p orbitals in halides and the d orbitals in transition metals,

as exemplified by Rh2I6 in figure 3.3.

We observed that for almost all systems, the metal states predominantly feature

d orbitals, whereas the halide states are characterized by p orbitals in the region

near the Fermi level. A notable exception is mercury-based TMHs, where HgI2

(P3m1-α) exhibits halide states with p character in both valence and conduction

bands near the Fermi level, whereas Hg2I2 (P3m1-β) features halide p orbitals in

the valence band and metal s orbitals in the conduction band. Other systems also

display significant states s, p, or d of the halides and p of the transition metals.

In addition to our findings, previous studies have also reported the significant

presence of metal d and halide p states near the Fermi level. For instance,

Tang et al.71 observed this behavior for TiCl2 using the HSE06 functional. Sim-

ilarly, Huang et al.70 noted the major presence of metallic d states in their study on

2This range of energy was chosen because we are interested here in potential optoelectronic
applications, and this range covers transitions from the infrared to ultraviolet.
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Figure 3.3: Total density of states (DOS), total local density of states (TL-
DOS), local densities of states for metal (LDOS A) and halide (LDOS B)
atoms, as well as their orbital compositions (A(s, p, d) and B(s, p, d, f)),
calculated for Rh2I6 (P31m) using both PBE and PBE+SOC.

Ti2Cl4. In zirconium-based TMHs, Huang et al.72 reported that both metallic d or-

bitals and p orbitals are present from Cl, Br and I. According to Zhang et al.75, the

valence states in Pd4I8 are dominated by the d states of palladium and the p states

of iodine. Furthermore, for Hafnium-based TMHs in the space group P21|m, both

the p and d orbitals of the halide and Hf, respectively, also feature prominently near

the Fermi level, as reported by Huang et al.67. These comparisons with other results

ensure the reliability of our electronic structure calculations. The discussion of the

states in DOS will also be taken into account when performing the wannierization

as discussed in sections 2.6 and C.2.

3.4 Electronic Band Structures

This section presents the electronic band structures calculated using three distinct

approaches: first, with the PBE functional; second, incorporating spin-orbit coupling

(PBE+SOC); and third, employing the HSE06 functional. To correct the bandgap,

it is necessary to calculate the electronic band structure using these three functionals,

as discussed in section 3.4.2. Although PBE+SOC calculations are more accurate
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in predicting electronic levels compared to PBE, the HSE06 approach provides a

more accurate value of the band gap. The TMHs studied here exhibit hexagonal or

tetragonal symmetry, with two possible Brillouin zones (BZ), depicted in figure 3.4.

Figure 3.5 illustrates the band gap values obtained using these approaches as the

differences from PBE+SOC and HSE06 to PBE. Section E.2 of Appendix E presents

complementary details of electronic band structures.

Hexagonal Tetragonal

k-path

Special 

points

Figure 3.4: Brillouin zones for both hexagonal and tetragonal structures. The
dashed arrow illustrates the primitive vectors in k-space. Special points are
denoted by black dots, and the red line represents the path used to generate
the band structures.

The PBE band structure features fundamental band gaps, which represent the en-

ergy difference between the valence maximum band (VBM) and the conduction band

minimum (CBM), values range from 0.32 to 1.41 eV, while the direct band gaps, de-

fined as the minimum energy difference at a specific k-point, range from 0.38 to

1.80 eV. Six systems exhibit direct fundamental bandgaps, where the VBM and

CBM are located at the same k-point. These systems include TiI2 (P6m2) in the Γ

point, Co2I6 (P31m) between the Γ and K points, Zr2Cl4 (P21|m) between the Γ

and X points, Mo2Cl6 (P62m) in the Γ point, and W2Cl6 in both P31m and P62m

space groups, also located at the Γ point. In total, 18 systems exhibited indirect fun-

damental band gaps. Notably, all structures with the P6m2 space group (excluding

TiI2) have their VBM located at the K point and their CBM situated between the

Γ and K points. Similarly, structures with the P21|m space group (except Zr2Cl4)

also exhibit indirect fundamental band gaps, which have its VBM between the Γ

and X points and its CBM between the Γ and S points. In addition, Rh2I6, Pd4I8,

mercury-based, and all bromide-based TMHs also present indirect fundamental band

gaps.

Concerning the PBE+SOC band structures, the fundamental and direct band gaps



Chapter 3. Results 49

exhibit values ranging from 0.32 to 1.26 eV and 0.38 to 1.74 eV, respectively. The

number of systems with indirect band gaps increases to 20 compared to the PBE

calculation, as detailed in section 3.4.1. The PBE+SOC calculations also lead to

a reduction in the band gap for several systems. For instance, notable changes

were observed for Co2I6, Rh2I6, HfI2, and tungsten- and mercury-based TMHs, all

featuring hexagonal lattices. Although the order of the systems in figure 3.5 is based

on the atomic number of the metal atom, and even though spin-orbit coupling affects

heavier metals more significantly, we do not observe an increase in band gap changes,

suggesting that the halide atoms and their structural arrangement also contribute

to these values.
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Figure 3.5: Fundamental (dashed lines with squares) and direct (solid lines
with circles) band gaps using three functionals: PBE (black), PBE+SOC
(blue), and HSE06 (red). The upper panel illustrates the changes in band
gaps calculated using PBE+SOC and HSE06, compared to those obtained
with PBE. The lower panel displays the corresponding band gap values.

The band structures calculated with the HSE06 functional exhibit an increase of up
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to 1 eV in the band gaps, where the direct and fundamental band gaps increase for

almost all systems, except TiI2 (P6m2), where the direct band gap is lower than the

fundamental PBE band gap, and HfBr2 (P6m2), where the direct band gap is lower

than the fundamental PBE and PBE+SOC band gaps. Notably, significant absolute

changes were observed for Co2I6, Rh2I6, and Pd4I8 (depicts in figure 3.6), featuring

localized (flat) states in the PBE, because the Hartree-Fock exchange term, the

HSE06 functional is known to have more effect135. In total, eight systems exhibit

a direct fundamental band gap in the HSE06 calculations. Beyond those observed

in the PBE calculations, TiBr2 (P6m2) and Rh2I6 (P31m) also features a direct

fundamental band gap.
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Figure 3.6: Band structures for Co2I6, Rh2I6, and Pd4I8 calculated using
both the PBE (black lines) and HSE06 (red lines) functionals. In both cases,
the Fermi level was shifted to zero.

Figure 3.7 presents the perceptual difference between C2DB and our results for the

fundamental and direct band gaps using the PBE and PBE+SOC approaches. Ini-

tially, it should be noted that the difference is more pronounced in the PBE+SOC

calculations compared to the PBE for most systems, with a maximum deviation of

up to 9.20 % observed when using PBE and 17.4 % when using PBE+SOC. The

fundamental and direct band gap differences are also substantial across the systems;

for instance, for titanium, zirconium, and hafnium-based TMHs, the deviations re-
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main below 3.2 % in both the PBE and PBE+SOC calculations compared to those

observed in other systems. In contrast, for Co2I6 and Rh2I6, the deviation exceeds

10 %. Ultimately, the deviations exhibit different behavior between the fundamental

and direct band gaps, with larger deviations observed for the fundamental band gap

when using PBE and vice versa when using PBE+SOC.
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Figure 3.7: Perceptual difference, calculated with equation 3.1, between the
band gaps calculated in this work and those presented in C2DB for PBE
(black lines) and PBE+SOC (blue lines). The top panel shows the difference
in the fundamental band gap (∆Eg), while the bottom panel presents the
difference in the direct band gap (∆Edir.

g ).

∆X =

(
|XC2DB −XThis work|

XThis Work

)
100% . (3.1)

The literature contains several works that have studied electronic properties, al-

lowing for some comparisons to be made. For instance, Huang et al.70 found a

fundamental band gap of 0.989 eV using the HSE06 functional, close to our value of

0.98 eV for Ti2Cl4. Huang et al.72 reported band gaps of 1.152, 1.139, and 0.848 eV

for Zr2Cl4, Zr2Br4, and Zr2I4, respectively, while our results are 1.19, 1.15, and

0.87 eV using the HSE06 functional. Wang et al.128 obtained a direct fundamental

band gap of 0.62 eV with the PBE functional for Zr2Cl4 in the Γ–X path, which
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aligns with our findings. However, there is a discrepancy in the HSE06 values: we

obtained an indirect fundamental band gap of 1.19 eV, whereas they reported a di-

rect fundamental gap of 1.27 eV. For Rh2I6, Wu et al.129 reported a band gap of

1.33 eV with the PBE functional, which is consistent with our result of 1.34 eV. For

Pd4I8, Zhang et al.75 obtained band gaps of 2.15 (HSE06) and 1.18 eV (PBE), com-

parable to our values of 2.14 (HSE06) and 1.19 eV (PBE). Li et al.130 reported band

gaps for Hf2Cl4 of 0.87 (PBE) and 1.48 eV (HSE06), which aligns with our findings

of 0.88 (PBE) and 1.52 eV (HSE06). For Hf2Cl4, Hf2Br4, and Hf2I4, Huang et al.67

found band gaps of 1.475, 1.337, and 1.033 eV, while our results are 1.52, 1.35, and

1.04 eV, respectively, all using the HSE06 functional. Lastly, Fan et al.68 reported

a band gap value of 1.31 eV for Hf2Br4 using the HSE06 functional.

3.4.1 Effect of Spin Orbit Coupling in the Electronic Structure

As stated in the methodology, the spin-orbit coupling breaks the degeneracy in the

k-points, which can cause splits in the band structure, potentially changing the

bandgap and electronic levels, as noted in graphene136 where spin-orbit coupling

opens a tiny band gap. In addition to that, spin-orbit coupling in TMDs137,138,

breaks the degeneracy in the wave functions, giving rise to valley selection when

considering circularly polarized light. Thus, to obtain a more detailed description

of electronic bands, we proceed to investigate the effect of spin-orbit coupling in

comparison with that of PBE without spin-orbit coupling. In our systems, the

changes were categorized into three distinct behaviors, observing the energy from

−4 to 4 eV below and above the Fermi level:

1. Systems with slight changes: We observed only small changes between PBE

and PBE+SOC in systems such as Ti2Cl4 (P21|m), TiCl2 (P6m2), Zr2Cl4

(P21|m), ZrCl2 (P6m2), and Mo2Cl6 (P62m).

2. Systems with band splits but without changes in bandgap: These systems

exhibit changing electronic states, yet their bandgaps remain unaltered. Ex-

amples of such systems include TiBr2 (P6m2), TiI2 (P6m2), Zr2Br4 (P21|m),

ZrBr2 (P6m2), Zr2I4 (P21|m), ZrI2 (P6m2), Hf2Cl4 (P21|m), HfCl2 (P6m2),

Hf2Br4 (P21|m), HfBr2 (P6m2), and Hf2I4 (P21|m) and HfI2 (P6m2).

3. Changes in the band gap and bands split: The splitting of bands causes

changes in the bandgap. Specifically, this is observed in systems such as Co2I6

(P31m), Rh2I6 (P31m), Pd4I8 (P21|c), W2Cl6 (P31m), W2Cl6 (P62m), HgI2
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(P3m1-α), and Hg2I2 (P3m1-β).

Figure 3.8 depicts the systems with significant changes in the valence band maximum

(VBM) and conduction band minimum (CBM). For Co2I6, the VBM changes from

the Γ-K points to the gamma point and we note an important change in the states

in the region between the K-M points, while the conduction states suffer a reduction

with splits in states at the Γ point and the VBM is now located in the K point,

where the band gap of this material remains indirect, however, changes the points of

VBM and CBM. The same is observed for Rh2I6. For Pd4I8, W2Cl6 (in both space

groups), HgI2 and Hg2I2, we observed bands splits at some points and reduction of

bandgap; however, the points of VBM and CBM remain the same. The complete

band structure for the other systems, as well as additional details of the band split,

are shown in figure E.5 of appendix E.

K MK ′ M
1

0

1

2

Co2I6 (P31m)

K MK ′ M

Rh2I6 (P31m)

X S Y S

Pd4I8 (P21|c)

K MK ′ M

W2Cl6 (P31m)

K MK ′ M
1

0

1

2

W2Cl6 (P62m)

K MK ′ M

HgI2 (P3m1- )

K MK ′ M

Hg2I2 (P3m1- )

En
er

gy
 (e

V)

PBE PBE+SOC EFermi

Figure 3.8: PBE (black solid line) and PBE+SOC (blue dotted line) band
structures for selected compounds. The Fermi level is shifted to zero (black
dotted line).

Figure 3.8 depicts systems exhibiting significant changes in the valence band max-

imum (VBM) and conduction band minimum (CBM). For Co2I6, the VBM shifts

from the Γ-K points to the Γ point, accompanied by notable changes in states be-
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tween the K-M points. Meanwhile, conduction states experience a reduction with

splits occurring at the Γ point, and the VBM relocates to the K point, leaving the

indirect band gap unchanged but altering its points of VBM and CBM. The same

phenomenon is observed for Rh2I6. For Pd4I8, W2Cl6 (in both space groups), HgI2

and Hg2I2, band splits occur at some points, accompanied by a reduction in the

bandgap; however, the VBM and the CBM remain unchanged.

3.4.2 Bandgap Corrections

This section outlines the procedure for calculating the corrected band gap of mate-

rials. The significance of this calculation arises when studying electrical and optical

properties to accurately describe electronic transitions. In this approach, a scis-

sors operator approximation is employed, where conduction bands are rigidly trans-

lated to correct the single-particle band gap. Equation 3.2 provides the corrected

bandgap, which involves the scissors operator (χ) performing a rigid translation in

all conduction states. This methodology has previously been applied to describe

various semiconductor systems, including perovskites139 and 2D systems140,41.

EHSE06+SOC
g = EPBE+SOC

g + (

χ︷ ︸︸ ︷
EHSE06

g − EPBE
g ) , (3.2)

where, EHSE06+SOC
g represents the corrected band gap, and Ex,dir

g , x = PBE+SOC,

HSE06, PBE, represents the direct band gap using the functionals PBE+SOC,

HSE06, and PBE, respectively. This equation defines also the scissors operator

(χ) as the difference between the HSE06 and PBE band gaps, which is then added

to the PBE+SOC band gap.

Figure 3.9 presents the PBE, PBE+SOC, and HSE06 band gaps, along with the

corrected band gap, and compares them to C2DB (also presented in table E.4 of

the appendix). We chose to calculate the corrected bandgap from direct band gaps

because our interest lies in optical properties, which are dominated by direct tran-

sitions due to the low momentum carried by photons.
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Figure 3.9: Comparations between PBE, PBE+SOC and HSE06 direct band
gaps, the corrected HSE06+SOC bandgap using the scissors operator and
the value presented in C2DB.

Four systems exhibit HSE06 + SOC band gaps that deviate less than 1 % from our

calculated values, specifically Ti2Cl4, ZrCl2, Hf2I4, and HgI2. In seven systems, the

HSE06+SOC bandgap obtained from C2DB exceeds ours, while in the remaining

cases, it falls below ours. The systems with larger deviations are TiCl2, TiBr2, TiI2,

and Co2I6, where we found that the HSE06 correction is primarily responsible for

these discrepancies due to the PBE and PBE + SOC values being very close, despite

the C2DB not provide the HSE06 band gap value. This difference may arise from

distinct parameters and implementations used in C2DB and our work.

3.5 Excitonic and Optical Properties

The excitonic and optical properties are investigated using the tight-binding Hamil-

tonian parametrized from the PBE+SOC band structure. The appendix (Sec-



Chapter 3. Results 56

tion C.2) provides details on the wannierization procedure, including the energy

window for disentangling bands, the atomic orbitals considered for each system, the

number of target Wannier bands, and the number of DFT bands used to construct

hopping and overlap matrices. The atomic orbitals employed were based on the

density of states with PBE+SOC functional, as depicted in figure E.4 (appendix).

In most systems, the orbitals s, p, and d are considered for both metal and halide

atoms. Exceptions include Co2I6 (P31m), Mo2Cl6 (P62m), and W2Cl6 (P62m),

where only p and d orbitals are considered for the metal atom; in W2Cl6 (P31m), s,

p, d, and f orbitals are employed. Figure F.1 (appendix) illustrates the interpolated

Wannier bands and their comparison with the PBE+SOC band structures, which

exhibit excellent agreement, confirming the quality of the tight binding Hamiltonian

obtained.

The appendix C.3 and table G.1 present the parameters and methods used for optical

and excitonic calculations. As Wannier parameterization was performed using the

PBE+SOC functional, we applied the scissors operator (discussed in section 3.4.2)

to correct the band gap. The number of valence bands considered was calculated to

be all bands within the interval δE = 4 − Eg below the conduction band minimum

(CBM) and all bands within the energy interval δE above the valence band maximum

(VBM). This ensures the correct choice of electronic transitions for calculating the

dielectric tensor and optical properties in the independent particle approximation

(IPA) and by solving the Bethe-Salpeter equation (BSE).

Figure 3.12 depicts the absorption coefficient, showing both the IPA and the BSE

results. The figure also illustrates the fundamental and bright (accessible) excitonic

states, as well as the single-particle direct bandgap.

Firstly, we note that for some systems the absorption coefficient obtained from

the IPA perspective Presents isotropic light absorption between the x-y in-plane

directions, whereas others are non-isotropic. For instance, all the tetragonal systems

are non-isotropic and the hexagonal structures have space groups P31m and P62m.

The systems with isotropic light absorption are those with space groups P6m2 and

HgI2 (P3m1-α).

The maximum absorption values span a range of 3.66× 106 to 8.84× 106, averaging

at 6.25 × 106 cm−1, as shown in figure 3.11. In MoS2
141, the observed value is 2.8 ×

106 cm−1. For silicon at 300 K, the maximum absorption coefficient is 1.5×106 cm−1,

according to Green and Keevers142. On average, the highest absorption coefficient
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Figure 3.10: The standard global Solar spectrum AM1.5G2 (black solid line)
alongside the corresponding photon energy ranges for maximum light absorp-
tion for IPA (vertical red dashed line) and BSE (vertical red solid line). The
figure also illustrates the colors associated with the visible spectrum.

occurs for a photon energy of approximately 2.93 eV, corresponding to the violet

spectrum (Figure3.10) with a maximum absorption coefficient ranging from infrared

to ultraviolet. Among the structures studied, 24 in total, eight exhibit the highest

absorption coefficient in the visible spectrum, one in the infrared (TiBr2), and 15 in

the ultraviolet, considering the independent particle approximation.
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Figure 3.11: Max absorption coefficient value for each system and correspon-
dent photon energy for IPA (dotted lines) and BSE (solid lines). The red
lines in the bottom plot represent the photon energy of visible spectra.

We also observed that systems with the same chemical composition have different

trends in the maximum absorption coefficients. For example, in zirconium-based

TMHS, the maximum absorption coefficient is greater for hexagonal structures than

for tetragonal structures. The opposite holds for hafnium-based TMHs with chlo-

ride and bromide, while for iodine both values are close. For tungsten and mercury

halides, the maximum absorption values also change. We also observed some differ-

ences in the spectrum; for Zirconium-based TMHs, the maximum light absorption

occurs in the ultraviolet for tetragonal structures, while for hexagonal structures, it

occurs in the visible region. This behavior also applies to chloride, bromide, and

iodine hafnium TMHs and for Ti2Cl4 (tetragonal) and TiCl2 (hexagonal).

When excitons are considered, they drastically affect light absorption. First, all

systems have an exciton bright state above the single-particle bandgap, then the

optical activity starts for photon energy up to 0.83 eV before the IPA absorption

spectrum. Some systems, have a clear exciton signature, i.e. we observed isolated

peaks before the electronic single-particle band gap except in Co2I6, Rh2I6, Pd4I8,

and HgI2. The structures feature excitons binding energies from 0.23 eV to 1.68 eV.

The fundamental state of excitons can be classified as bright or dark, where the
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bright excitons have optical activity, whereas the dark ones do not. In almost all

systems, the fundamental state is bright, except Ti2Cl4 (P21|m), where the exciton

bright energy is 0.15 eV above the fundamental exciton state. Here, we also found a

system, specifically TiI2 (P6m2), which has evidence of being an excitonic insulator,

that is, a system in which the exciton binding energy exceeds the band gap143. In

this case, the fundamental state is not the semiconductor, but the excited state.

In addition to that, we observed that the maximum light absorption from the BSE

calculation is lower than the IPA for all systems. The inclusion of excitonic effects

reduces the spectra regions with maximum absorption energy, generally the TMHs

with chloride and iodine, which occurs for ten systems, whereas in others it increases

or remains almost unchanged. It is of interest to note that for some systems the

exciton effect changes the spectral region of maximum light absorption. For instance,

in TiBr2 where in IPA it is in the infrared while in BSE it is in the visible spectra,

in ZrBr2 where the maximum absorption suffuses a blue shift, in ZrI2 and HfI2

the maximum absorption goes from the visible region to the ultraviolet, while the

opposite occurs with W2Cl6 (P31m), where this system, except for W2Cl6, the

exciton has a large binding energy.
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excitons were considered as the first energy where the absorption coefficient
is above 10 × 103 cm−1.

To explore potential semiconducting applications, we calculate the possible hetero-

junctions, which comprise combinations of two or more distinct materials that enable
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control over optical and electronic properties, including electronic transport. We be-

gin by calculating the valence band maximum (VBM), conduction band minimum

(CBM), and the fundamental bright exciton state with vacuum as a reference, cal-

culated as the electrostatic potential value in the vacuum region of the systems (pre-

sented in section E.4 of appendix), as depicted in the upper panel of figure 3.14. We

subsequently calculate the possible heterojunctions by applying Anderson’s rule144,

which describes three types of heterojunctions based on their alignment relative to

the vacuum:

• Type I (Straddling Gap): In this case the VBM of a semiconductor A is lower

than the semiconductor B, while the opposite holds for CBM (and fundamental

excitonic state).

• Type II (Staggered Gap): Both VBM and CBM (and fundamental excitonic

state) of semiconductor A are higher than those from semiconductor B.

• Type III (Broken Gap): The CBM (and fundamental excitonic state) of one

semiconductor is lower than the VBM of another semiconductor.

Figure 3.13 illustrates examples of possible heterojunctions. We focus on identify-

ing type II heterojunctions, which possess properties enabling applications such as

photovoltaic devices145, photodetectors146, light-emitting diodes147, transistors148,

memory devices149, and Photoelectrochemical Cells150.

Type I Type II Type III

Vaccum Level CBM CBM

Figure 3.13: Possible types of heterojunctions.
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Figure 3.14: Bands alignment (top panel) and possible types of heterojunc-
tions (bottom) panel. The possible types of heterojunctions are calculated
from both, IPA and BSE perspectives.
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In the lower panel of figure 3.14, we show possible heterojunctions, totaling 276 pos-

sible heterojunctions, which are classified according to the IPA and BSE approaches.

From the IPA perspective, there are heterojunctions of type 183 type II, 54 type

III, and 39 type I. When excitonic effects are taken into account, the type II hetero-

junctions decrease to 100, while types I and III increase to 133 and 43, respectively.

Overall, 90 possible heterojunctions change their characteristics when considering

excitonic effects. For instance, we observe 3 systems that transform from type I to

II, none transition from III to II, whereas eight systems shift from type II to I and

78 from type II to III. Finally, our results indicate that 35, 97, and 54 are type I, II,

and III heterojunctions, respectively, in both IPA and BSE. These findings demon-

strate the importance of considering excitonic effects for the correct identification of

heterojunctions.



Chapter 4

Discussion and Conclusions

This section presents the main findings of the present dissertation. Initially, we

utilized a protocol for searching promising materials for photovoltaic applications

within the C2DB database, which contains a vast number of two-dimensional ma-

terials with various properties studied through theoretical methods. In total, 24

materials were selected, showcasing diverse crystalline structures and compositions.

Notably, TMHs based on titanium, cobalt, zirconium, molybdenum, rhodium, pal-

ladium, hafnium, tungsten, and mercury were identified, covering a wide range of

transition metals. Our analysis revealed that some structures exhibit the metal atom

in common oxidation states, whereas others display unusual oxidation states.

The structural optimizations conducted are in agreement with the structures pre-

sented in the C2DB and other theoretical works that employed similar methodology.

Based on the optimized structures, we analyzed the electronic properties, which re-

vealed that for most systems, the main contributions came from p orbitals of halide

atoms and d orbitals of metal atoms, exceptip for mercury-based TMHs. The elec-

tronic band structures exhibit a wide range of band gaps and their behaviors, with

most materials analyzed using the PBE exchange-correlation functional in DFT

calculations possessing indirect band gaps, all featuring hexagonal structures. The

inclusion of relativistic effects with spin-orbit coupling (SOC) modifies the electronic

states compared to PBE calculations without SOC, where notable changes were ob-

served for 7 systems containing Co, Rh, Pd, W, and Hg metal atoms at specific

k-points in the VBM, CBM, and their values. Comparison with C2DB showed that

the results band gaps (PBE and including relativistic effects) has large deviations for

some systems, particularly when considering relativistic effects rather than without

64
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them.

The bandgap corrections considering both relativistic effects and hybrid exchange-

correlation functionals deviate substantially from those presented in C2DB, primar-

ily due to the hybrid functional effect, which may arise from different parameters

and procedures used for calculating these corrections. Consequently, we conclude

that while C2DB can serve as a good starting point for identifying promising com-

positions for optoelectronic applications, careful evaluation of electronic properties

is still necessary.

The optical properties reveal that, in the independent particle approximation, the

systems exhibit varying isotropic behavior with respect to their in-plane absorption

coefficient. For instance, all tetragonal structures display non-isotropic absorption

coefficients in both the independent particle approximation and the BSE, as well as

hexagonal structures featuring space groups P31m and P62m. Systems with space

groups P6m2 and Hg2I2in the space group P3m1-α, however, exhibit isotropic light

absorption. The maximum absorption varies extensively across a broad range of the

spectrum, from infrared to ultraviolet, where most systems absorb more light near

the violet end of the spectrum.

The inclusion of excitonic effects significantly alters the absorption behavior. A de-

crease in maximum absorption is observed for all systems, accompanied by changes

in the maximum absorption spectrum for most systems. We observe that all systems

exhibit optically and fundamentally distinct excitonic states below their respective

electronic band gaps, which alter the optical transitions. Only one system had a

dark ground state, differing by 0.15 eV from the fundamental state. When assess-

ing potential heterojunctions, we demonstrate that considering both the electronic

band gap and the excitonic effect reveals that most systems fall under type II, a

configuration desirable for various optoelectronic applications. However, the inclu-

sion of the excitonic effect significantly modifies several possible characteristics of

heterojunctions, resulting in a lower number of type II heterojunctions. Conse-

quently, a comprehensive description of heterojunctions must incorporate excitonic

effects. Moreover, we have identified a system that exhibits evidence of an excitonic

insulator, wherein the exciton binding energy exceeds the electronic bandgap.

In conclusion, our work explored the transition metal halides (TMHs), a family of

two-dimensional (2D) materials that have been extensively studied in recent years.

We searched promising compositions and structures within the Computational 2D
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Materials Database (C2DB), resulting in 24 materials with varying possible com-

positions, stoichiometries, and structures. Notably, some compositions exhibited a

common oxidation number, suggesting their feasibility. The initial structures col-

lected from C2DB agree with our optimized structures using state-of-the-art density

functional theory (DFT). Regarding the electronic structure, the systems generally

exhibit states of d-character for metal and p-character for halide near the Fermi

level. In contrast to structural properties, the electronic properties presented in

C2DB significantly deviate from those calculated here. Therefore, we conclude that

despite C2DB being a good starting point for searching materials, careful simulations

must be performed to obtain a better electronic characterization than that provided

by C2DB. By parameterizing the electronic structure obtained from DFT simula-

tions with the maximum localized Wannier functions procedure implemented in the

Wannier90 software, we investigated the optical and excitonic properties, where the

excitonic effects were studied by solving the Bethe-Salpeter equation (BSE). Our

results show that light absorption is both isotropic and non-isotropic, with a wide

range of values for the maximum absorption coefficient as a the spectral region.

The exciton effects, such as binding energy, ranged from 0.23 to 1.68 eV, where al-

most all systems exhibited bright behavior, with only one system had a dark ground

state. Furthermore, we found evidence of an excitonic insulator, specifically TiI2

in the space group P6m2. Ultimately, consideration of excitonic effects is crucial

when studying these compounds for optical applications, as they alter the possible

heterojunction types.
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Akıncı, and Ethem Aktürk. Tuning the electronic structure of rhx3 (x = cl,

br, i) nonmagnetic monolayers: effects of charge-injection and external strain.

Phys. Chem. Chem. Phys., 22(8):4561–4573, February 2020. ISSN 1463-9084.

doi: 10.1039/C9CP06240H.

[78] Yaxin Gao, Menghao Wu, and Xiao Cheng Zeng. Phase transitions and

ferroelasticity–multiferroicity in bulk and two-dimensional silver and copper



Referências 77

monohalides. Nanoscale Horiz., 4(5):1106–1112, August 2019. ISSN 2055-

6764. doi: 10.1039/C9NH00172G.

[79] Vadym V. Kulish and Wei Huang. Single-layer metal halides MX2 (X = Cl,

Br, I): Stability and tunable magnetism from first principles and Monte Carlo

simulations. J. Mater. Chem. C, 5(34):8734–8741, August 2017. ISSN 2050-

7534. doi: 10.1039/C7TC02664A.

[80] Ling Yue, Wenyuan Jin, Ai-Jie Mao, and Xiaoyu Kuang. Single-layer mx2 (m

= zn, cd and x = cl, i): Auxetic semiconductors with strain-tunable optoelec-

tronic properties. J. Phys. Chem. C, 125(23):12983–12990, June 2021. ISSN

1932-7447. doi: 10.1021/acs.jpcc.1c02736.

[81] Fatih Ersan, Erol Vatansever, Sevil Sarikurt, Yusuf Yüksel, Yelda Kadioglu,
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Appendix A

Python Code to Navigate Through

C2DB

This appendix shows the Python code used to navigate in the c2db database file

(c2db.db). Listing A.1 shows the full code used here. Additionally, listing A.2

presents the use of this code for each step presented in section 3.1.

Listing A.1: c2db.py

1 # External Packages

2 from ase.db import connect

3 from operator import itemgetter

4 from collections import Counter

5

6 from ase.spacegroup import get_spacegroup # Function to get

spacegroup of structure

7

8 import argparse # Parse command line arguments

9 import itertools

10 import numpy as np # Numpy for math operations

11 import os # Interact with operating system

12

13 # List of transition metals

14 trans_metals = [ ’Sc’, ’Ti’, ’V’, ’Cr’, ’Mn’, ’Fe’, ’Co’, ’Ni’, ’Cu

’, ’Zn’, ’Y’, ’Zr’, ’Nb’, ’Mo’, ’Tc’, ’Ru’, ’Rh’, ’Pd’, ’Ag’, ’

Cd’, ’La’, ’Hf’, ’Ta’, ’W’, ’Re’, ’Os’, ’Ir’, ’Pt’, ’Au’, ’Hg’,

’Ac’, ’Rf’, ’Db’, ’Sg’, ’Bh’, ’Hs’, ’Mt’, ’Ds’, ’Rg’ ]

15

16 # List of properties in C2DB

88
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17 list_of_properties = [

18 ’A’, ’E_B’, ’E_x’, ’E_y’, ’E_z’, ’J’, ’N_nn’, ’Topology ’, ’age’,

’alphax ’, ’alphax_el ’,

19 ’alphax_lat ’, ’alphay ’, ’alphay_el ’, ’alphay_lat ’, ’alphaz ’, ’

alphaz_el ’, ’alphaz_lat ’,

20 ’asr_id ’, ’c_11’, ’c_12’, ’c_13’, ’c_21’, ’c_22’, ’c_23’, ’c_31

’, ’c_32’, ’c_33’,

21 ’calculator ’, ’cbm’, ’cbm_gw ’, ’cbm_hse ’, ’cell_area ’, ’charge ’

, ’class’, ’cod_id ’,

22 ’crystal_type ’, ’dE_zx’, ’dE_zy ’, ’dim_nclusters_0D ’, ’

dim_nclusters_1D ’, ’dim_nclusters_2D ’,

23 ’dim_nclusters_3D ’, ’dim_primary ’, ’dim_primary_score ’, ’

dim_score_0123D ’, ’dim_score_012D ’,

24 ’dim_score_013D ’, ’dim_score_01D ’, ’dim_score_023D ’, ’

dim_score_02D ’, ’dim_score_03D ’,

25 ’dim_score_0D ’, ’dim_score_123D ’, ’dim_score_12D ’, ’

dim_score_13D ’, ’dim_score_1D ’,

26 ’dim_score_23D ’, ’dim_score_2D ’, ’dim_score_3D ’, ’

dim_threshold_0D ’, ’dim_threshold_1D ’,

27 ’dim_threshold_2D ’, ’dipz’, ’doi’, ’dos_at_ef_nosoc ’, ’

dos_at_ef_soc ’,

28 ’dynamic_stability_phonons ’, ’dynamic_stability_stiffness ’, ’

efermi ’, ’ehull’, ’emass_cb_dir1 ’,

29 ’emass_cb_dir2 ’, ’emass_vb_dir1 ’, ’emass_vb_dir2 ’, ’energy ’, ’

etot’, ’evac’, ’evacdiff ’,

30 ’first_class_material ’, ’fmax’, ’folder ’, ’formula ’, ’gap’, ’

gap_dir ’, ’gap_dir_gw ’,

31 ’gap_dir_hse ’, ’gap_dir_nosoc ’, ’gap_gw ’, ’gap_hse ’, ’gap_nosoc

’, ’has_inversion_symmetry ’,

32 ’hform’, ’icsd_id ’, ’id’, ’is_magnetic ’, ’lam’, ’magmom ’, ’

magstate ’, ’mass’, ’minhessianeig ’,

33 ’natoms ’, ’nspins ’, ’pbc’, ’plasmafrequency_x ’, ’

plasmafrequency_y ’, ’pointgroup ’, ’smax’,

34 ’spacegroup ’, ’speed_of_sound_x ’, ’speed_of_sound_y ’, ’spgnum ’,

’spin’, ’spin_axis ’,

35 ’stoichiometry ’, ’thermodynamic_stability_level ’, ’uid’, ’

unique_id ’, ’user’, ’vbm’, ’vbm_gw ’,

36 ’vbm_hse ’, ’volume ’, ’workfunction ’

37 ]

38

39 # Get command -line arguments

40 def get_arguments ():

41 parser = argparse.ArgumentParser(description=
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42 ’C2DB parser\n\n’

43

44 ’This script is design to read

and retrieve cell vectors and atomic cartesian ’

45 ’coordinates from the

compounds of the c2db database. There are 5 arguments that ’

46 ’can be provided to the script

in order to configure the desirable query and to ’

47 ’also manage the outputs :\n\n’

48

49 ’-- tm: It\’s a options for selected only compound

with transition metals ’

50 ’The mode true selected only compounds with transition

metal.’

51 ’The option False select materials that correspond

with the query’

52

53 ’-- query: It\’s the query for

which the database will be parsed. The query ’

54 ’should be presented as a

single string of text with different parse arguments ’

55 ’being separated by a comma

and inside quotation marks. For example: ’

56 ’\’stoichiometry=AB2 , 0.5<

gap_hse <3.5\’, will retrieve the compounds with ’

57 ’stoichiometry equals to AB2

and with band gap HSE06 between 0.5 and 3.5 eV.\n\n’

58

59 ’-- database: The name of the

database to be parsed. The default name is ’

60 ’\’c2db.db\’, but a new name

can be provided to match the name of the database in ’

61 ’the working folder .\n\n ’

62

63 ’-- key: Property to be

retrieved from the compounds parsed by the query argument. ’

64 ’The list of possible keys to

be used can be found in ’

65 ’\’https ://cmr.fysik.dtu.dk/

c2db/c2db.html\’. If a particular compound does not ’

66 ’have the desired property , a

value of NaN will be assigned to it. The resulting ’
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67 ’values will be saved in a

folder named after the property and in a text file ’

68 ’also named after the property

. The text file will have the chemical formula of ’

69 ’the respective compound and

its property value in a two column scheme :\n\n’

70 ’Fe2Te2 \tproperty value\n’

71 ’Ag2O2 \tproperty value\n ’

72 ’...\n\n’

73

74 ’-- folder: Name of the folder

to save the results\n\n’

75

76 ’-- mode: The configuration of

the saved file with cell vector and cartesian ’

77 ’coordinates information. If

mode = True (default), the chemical symbols will be’

78 ’written in the same line as

its cartesian coordinates :\n\n’

79 ’Ag x y z\n’

80 ’Ag x y z\n’

81 ’O x y z\n’

82 ’O x y z\n\n’

83 ’If mode = False , the chemical

symbol , along with its quantity , will be written ’

84 ’first , followed by the

cartesian coordinates :\n\n’

85 ’Ag O\n’

86 ’2 2\n’

87 ’\tx y z\n’

88 ’\tx y z\n’

89 ’\tx y z\n’

90 ’\tx y z\n’

91 ,

92 formatter_class=argparse.

RawDescriptionHelpFormatter

93 )

94

95 parser.add_argument(’--query’, nargs=’+’, help=’Queries to select

the compounds in the database ’)

96 parser.add_argument(’--tm’, type=str , default=’True’, help=’

Select materials with transition metals ’)
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97 parser.add_argument(’--database ’, type=str , default=’c2db.db’,

help=’The name of the database ’)

98 parser.add_argument(’--key’, type=str , default=None , help=’

Property to select among the compounds ’

99 ’

returned by the query’)

100 parser.add_argument(’--folder ’, type=str , default=’query’, help=’

Folder to save the archives with information ’

101

’on the material cell , cartesian coordinates and ’

102

’selected property ’)

103 parser.add_argument(’--mode’, type=str , default=’True’, help=’The

formatting of the final files’)

104 return parser.parse_args ()

105

106 # Main function

107 def main():

108 args = get_arguments () # Get command -line arguments

109

110 # Check iq query is provide

111 if args.query is None:

112 raise ValueError(’A query value should be provided to parse

the database. For example: ’

113 ’\’stoichiometry=AB2 , 0.5<gap_hse <3.5\ ’’)

114

115 # connecting to the database

116 db = connect(args.database)

117 # querying the compounds

118 db_select = db.select(args.query [0])

119

120 i=0

121 for row in db_select: # iteract through selected compounds

122 for trans_m in trans_metals: # interact through transition

metal list

123 if trans_m in row.formula: # Check if the selected halide has

a transition metal

124 print(row.formula , row.uid , row.spacegroup)

125 i=i+1

126 else:

127 idr = row.id

128 print(’number:’,i)

129 print("==============")
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130

131 # creates the folder to save the results if it does not exists

132 path = args.folder

133 if not os.path.exists(path):

134 os.mkdir(path)

135

136 # creates a folder to save the coordinates files

137 coordinates_folder = os.path.join(path , ’coordinates ’)

138 if not os.path.exists(coordinates_folder):

139 os.mkdir(coordinates_folder)

140

141 # creates ase.Atom object

142 atoms = []

143 for row in db_select:

144 atoms.append(row.toatoms ())

145

146 # retrieving cell and coordinates

147 for atom in atoms:

148 symbols = atom.get_chemical_symbols () # chemical symbols

149 positions = atom.get_positions () # cartesian coordinates

150 cell = atom.get_cell ().todict ()[’array’] # cell

151

152 # sorting chemical symbols

153 symbols_array = np.array(symbols)

154 symbols_array = symbols_array [:, np.newaxis]

155 sym_pos = np.concatenate ([ symbols_array , positions], axis =1)

156 sym_pos = sorted(sym_pos , key=itemgetter (0))

157

158 i=0

159 for el in str(get_spacegroup(atom)).split()[:]:

160 if el=="setting":

161 break

162 i+=1

163

164 #archive_name = atom.get_chemical_formula ()

165 archive_name = "{}_{}".format(atom.get_chemical_formula (),"".

join(str(get_spacegroup(atom)).split ()[1:i]).replace("/", "!"))

166

167 with open(os.path.join(coordinates_folder , archive_name + ’.

txt’), ’w’) as file:

168 file.write(str(len(symbols)) + ’\n\n’) # number of atoms

169

170 for row in cell:
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171 file.write(f’\t{row [0]: <30} {row [1]: <30} {row [2]}\n’) #

cell vectors

172

173 if args.mode.lower() == ’true’:

174 file.write(’\n\n’)

175

176 for row in sym_pos:

177 file.write(f’{row [0]: <5} {row [1]: <25} {row [2]: <25} {row

[3]}\n’) # cartesian coordinates

178

179 elif args.mode.lower() == ’false’:

180 file.write(’\n\n’)

181

182 symbols_dict = sorted(Counter(symbols).most_common ())

183 file.write(’ ’.join([x[0] for x in symbols_dict ]))

184 file.write(’\n’)

185 file.write(’ ’.join([str(x[1]) for x in symbols_dict ]))

186 file.write(’\n\n’)

187 for row in sym_pos:

188 file.write(f’{row [1]: <25} {row [2]: <25} {row [3]}\n’) #

cartesian coordinates

189

190 else:

191 raise ValueError(’The "mode" argument should either be "

True" or "False"’)

192

193 if args.key is None:

194 print(’\nNo property was selected ’)

195 else:

196 if args.key not in list_of_properties:

197 print(f’\nProperty "{args.key}" not found. The value should

be one of the keys in the table ’

198 ’"key -values pairs" in https ://cmr.fysik.dtu.dk/c2db/c2db.

html’)

199 args.key = None

200

201 else:

202 # creates a folder to save the property file

203 properties_folder = os.path.join(path , args.key)

204

205 if not os.path.exists(properties_folder):

206 os.mkdir(properties_folder)

207
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208 labels = []

209 key_property = []

210

211 db_select = db.select(args.query [0])

212 for row in db_select:

213 tmp = dict(Counter(row.symbols))

214 tmp = list(itertools.chain(*tmp.items()))

215 labels.append(’’.join([str(x) for x in tmp]))

216

217 try:

218 property_value = eval(’row.’ + args.key)

219 except:

220 property_value = np.nan

221

222 key_property.append(property_value)

223

224

225 with open(properties_folder + ’/’ + args.key + ’.txt’, ’w

’) as file:

226 for atom , prop in zip(labels , key_property):

227 file.write(f’{atom :<10} {prop}\n’)

228

229 if __name__ == ’__main__ ’:

230 main()

Listing A.2: run.sh

1 #!/bin/bash

2

3 #############################

4 ## Query the stoichiometry ##

5 #############################

6

7 ## AB:

8 python3 c2db.py --query "stoichiometry=AB, Cl" --tm=True --database

"c2db -first -class -20210125 - nodata.db" --key "stoichiometry" --

folder="AB-Cl" --mode=False >> out.out

9 python3 c2db.py --query "stoichiometry=AB, Br" --tm=True --database

"c2db -first -class -20210125 - nodata.db" --key "stoichiometry" --

folder="AB-Br" --mode=False >> out.out

10 python3 c2db.py --query "stoichiometry=AB, I" --tm=True --database

"c2db -first -class -20210125 - nodata.db" --key "stoichiometry" --

folder="AB-I" --mode=False >> out.out
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11

12 ## AB2:

13 python3 c2db.py --query "stoichiometry=AB2 , Cl" --tm=True --

database "c2db -first -class -20210125 - nodata.db" --key "

stoichiometry" --folder="AB2 -Cl" --mode=False >> out.out

14 python3 c2db.py --query "stoichiometry=AB2 , Br" --tm=True --

database "c2db -first -class -20210125 - nodata.db" --key "

stoichiometry" --folder="AB2 -Br" --mode=False >> out.out

15 python3 c2db.py --query "stoichiometry=AB2 , I" --tm=True --database

"c2db -first -class -20210125 - nodata.db" --key "stoichiometry" --

folder="AB2 -I" --mode=False >> out.out

16

17 ## AB3:

18 python3 c2db.py --query "stoichiometry=AB3 , Cl" --tm=True --

database "c2db -first -class -20210125 - nodata.db" --key "

stoichiometry" --folder="AB3 -Cl" --mode=False >> out.out

19 python3 c2db.py --query "stoichiometry=AB3 , Br" --tm=True --

database "c2db -first -class -20210125 - nodata.db" --key "

stoichiometry" --folder="AB3 -Br" --mode=False >> out.out

20 python3 c2db.py --query "stoichiometry=AB3 , I" --tm=True --database

"c2db -first -class -20210125 - nodata.db" --key "stoichiometry" --

folder="AB3 -I" --mode=False >> out.out

21

22 mkdir 1-Stoichiometry

23 mv AB-Cl AB-Br AB-I AB2 -Cl AB2 -Br AB2 -I AB3 -Cl AB3 -Br AB3 -I 1-

Stoichiometry

24

25 ###################

26 ## Query bandgap ##

27 ###################

28

29 ## AB:

30 python3 c2db.py --query "stoichiometry=AB, Cl, 0.65<gap_hse <2.12"

--tm=True --database "c2db -first -class -20210125 - nodata.db" --key

"gap_hse" --folder="AB-Cl" --mode=False >> out.out

31 python3 c2db.py --query "stoichiometry=AB, Br, 0.65<gap_hse <2.12"

--tm=True --database "c2db -first -class -20210125 - nodata.db" --key

"gap_hse" --folder="AB-Br" --mode=False >> out.out

32 python3 c2db.py --query "stoichiometry=AB, I, 0.65<gap_hse <2.12" --

tm=True --database "c2db -first -class -20210125 - nodata.db" --key "

gap_hse" --folder="AB-I" --mode=False >> out.out

33

34 ## AB2:
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35 python3 c2db.py --query "stoichiometry=AB2 , Cl, 0.65<gap_hse <2.12"

--tm=True --database "c2db -first -class -20210125 - nodata.db" --key

"gap_hse" --folder="AB2 -Cl" --mode=False >> out.out

36 python3 c2db.py --query "stoichiometry=AB2 , Br, 0.65<gap_hse <2.12"

--tm=True --database "c2db -first -class -20210125 - nodata.db" --key

"gap_hse" --folder="AB2 -Br" --mode=False >> out.out

37 python3 c2db.py --query "stoichiometry=AB2 , I, 0.65<gap_hse <2.12"

--tm=True --database "c2db -first -class -20210125 - nodata.db" --key

"gap_hse" --folder="AB2 -I" --mode=False >> out.out

38

39 ## AB3:

40 python3 c2db.py --query "stoichiometry=AB3 , Cl, 0.65<gap_hse <2.12"

--tm=True --database "c2db -first -class -20210125 - nodata.db" --key

"gap_hse" --folder="AB3 -Cl" --mode=False >> out.out

41 python3 c2db.py --query "stoichiometry=AB3 , Br, 0.65<gap_hse <2.12"

--tm=True --database "c2db -first -class -20210125 - nodata.db" --key

"gap_hse" --folder="AB3 -Br" --mode=False >> out.out

42 python3 c2db.py --query "stoichiometry=AB3 , I, 0.65<gap_hse <2.12"

--tm=True --database "c2db -first -class -20210125 - nodata.db" --key

"gap_hse" --folder="AB3 -I" --mode=False >> out.out

43

44 mkdir 2-gap_hse

45 mv AB-Cl AB-Br AB-I AB2 -Cl AB2 -Br AB2 -I AB3 -Cl AB3 -Br AB3 -I 2-

gap_hse

46

47 ##########################

48 ## Stability to phonons ##

49 ##########################

50

51 ## AB:

52 python3 c2db.py --query "stoichiometry=AB, Cl, 0.65<gap_hse <2.12,

dynamic_stability_phonons=high" --tm=True --database "c2db -first

-class -20210125 - nodata.db" --key "dynamic_stability_phonons" --

folder="AB-Cl" --mode=False >> out.out

53 python3 c2db.py --query "stoichiometry=AB, Br, 0.65<gap_hse <2.12,

dynamic_stability_phonons=high" --tm=True --database "c2db -first

-class -20210125 - nodata.db" --key "dynamic_stability_phonons" --

folder="AB-Br" --mode=False >> out.out

54 python3 c2db.py --query "stoichiometry=AB, I, 0.65<gap_hse <2.12,

dynamic_stability_phonons=high" --tm=True --database "c2db -first

-class -20210125 - nodata.db" --key "dynamic_stability_phonons" --

folder="AB-I" --mode=False >> out.out

55



98

56 ## AB2:

57 python3 c2db.py --query "stoichiometry=AB2 , Cl, 0.65<gap_hse <2.12,

dynamic_stability_phonons=high" --tm=True --database "c2db -first

-class -20210125 - nodata.db" --key "dynamic_stability_phonons" --

folder="AB2 -Cl" --mode=False >> out.out

58 python3 c2db.py --query "stoichiometry=AB2 , Br, 0.65<gap_hse <2.12,

dynamic_stability_phonons=high" --tm=True --database "c2db -first

-class -20210125 - nodata.db" --key "dynamic_stability_phonons" --

folder="AB2 -Br" --mode=False >> out.out

59 python3 c2db.py --query "stoichiometry=AB2 , I, 0.65<gap_hse <2.12,

dynamic_stability_phonons=high" --tm=True --database "c2db -first

-class -20210125 - nodata.db" --key "dynamic_stability_phonons" --

folder="AB2 -I" --mode=False >> out.out

60

61 ## AB3:

62 python3 c2db.py --query "stoichiometry=AB3 , Cl, 0.65<gap_hse <2.12,

dynamic_stability_phonons=high" --tm=True --database "c2db -first

-class -20210125 - nodata.db" --key "dynamic_stability_phonons" --

folder="AB3 -Cl" --mode=False >> out.out

63 python3 c2db.py --query "stoichiometry=AB3 , Br, 0.65<gap_hse <2.12,

dynamic_stability_phonons=high" --tm=True --database "c2db -first

-class -20210125 - nodata.db" --key "dynamic_stability_phonons" --

folder="AB3 -Br" --mode=False >> out.out

64 python3 c2db.py --query "stoichiometry=AB3 , I, 0.65<gap_hse <2.12,

dynamic_stability_phonons=high" --tm=True --database "c2db -first

-class -20210125 - nodata.db" --key "dynamic_stability_phonons" --

folder="AB3 -I" --mode=False >> out.out

65

66 mkdir 3-phonons

67 mv AB-Cl AB-Br AB-I AB2 -Cl AB2 -Br AB2 -I AB3 -Cl AB3 -Br AB3 -I 3-

phonons

68

69 ##################

70 ## Non magnetic ##

71 ##################

72

73 ## AB:

74 python3 c2db.py --query "stoichiometry=AB, Cl, 0.65<gap_hse <2.12,

dynamic_stability_phonons=high , is_magnetic=False" --tm=True --

database "c2db -first -class -20210125 - nodata.db" --key "

is_magnetic" --folder="AB-Cl" --mode=False >> out.out

75 python3 c2db.py --query "stoichiometry=AB, Br, 0.65<gap_hse <2.12,

dynamic_stability_phonons=high , is_magnetic=False" --tm=True --
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database "c2db -first -class -20210125 - nodata.db" --key "

is_magnetic" --folder="AB-Br" --mode=False >> out.out

76 python3 c2db.py --query "stoichiometry=AB, I, 0.65<gap_hse <2.12,

dynamic_stability_phonons=high , is_magnetic=False" --tm=True --

database "c2db -first -class -20210125 - nodata.db" --key "

is_magnetic" --folder="AB-I" --mode=False >> out.out

77

78 ## AB2:

79 python3 c2db.py --query "stoichiometry=AB2 , Cl, 0.65<gap_hse <2.12,

dynamic_stability_phonons=high , is_magnetic=False" --tm=True --

database "c2db -first -class -20210125 - nodata.db" --key "

is_magnetic" --folder="AB2 -Cl" --mode=False >> out.out

80 python3 c2db.py --query "stoichiometry=AB2 , Br, 0.65<gap_hse <2.12,

dynamic_stability_phonons=high , is_magnetic=False" --tm=True --

database "c2db -first -class -20210125 - nodata.db" --key "

is_magnetic" --folder="AB2 -Br" --mode=False >> out.out

81 python3 c2db.py --query "stoichiometry=AB2 , I, 0.65<gap_hse <2.12,

dynamic_stability_phonons=high , is_magnetic=False" --tm=True --

database "c2db -first -class -20210125 - nodata.db" --key "

is_magnetic" --folder="AB2 -I" --mode=False >> out.out

82

83 ## AB3:

84 python3 c2db.py --query "stoichiometry=AB3 , Cl, 0.65<gap_hse <2.12,

dynamic_stability_phonons=high , is_magnetic=False" --tm=True --

database "c2db -first -class -20210125 - nodata.db" --key "

is_magnetic" --folder="AB3 -Cl" --mode=False >> out.out

85 python3 c2db.py --query "stoichiometry=AB3 , Br, 0.65<gap_hse <2.12,

dynamic_stability_phonons=high , is_magnetic=False" --tm=True --

database "c2db -first -class -20210125 - nodata.db" --key "

is_magnetic" --folder="AB3 -Br" --mode=False >> out.out

86 python3 c2db.py --query "stoichiometry=AB3 , I, 0.65<gap_hse <2.12,

dynamic_stability_phonons=high , is_magnetic=False" --tm=True --

database "c2db -first -class -20210125 - nodata.db" --key "

is_magnetic" --folder="AB3 -I" --mode=False >> out.out

87

88 mkdir 4-magnetic

89 mv AB-Cl AB-Br AB-I AB2 -Cl AB2 -Br AB2 -I AB3 -Cl AB3 -Br AB3 -I 4-

magnetic



Appendix B

Complementary Details of Selected

Structures

Table B.1 presents a summary of selected systems in C2DB. Other details are treated

alongside with this manuscript.

Table B.1: Summary of selected structures from C2DB. SG stands for space
group, and C2DBUID is the C2DB unique identifier. The formulas are pre-
sented with the number of atoms of each chemical species in the structure.

Formula SG Stoichiometry C2DBUID

Ti2Cl4 P21|m AB2 Ti2Cl4-66087709613c

TiCl2 P6m2 AB2 TiCl2-95688ba68ca1

TiBr2 P6m2 AB2 TiBr2-57116f9a9a4e

TiI2 P6m2 AB2 TiI2-088e8488f895

Co2I6 P31m AB3 Co2I6-04fd9e7d4375

Zr2Cl4 P21|m AB2 Zr2Cl4-78bf3c7e79be

ZrCl2 P6m2 AB2 ZrCl2-dc09b7c396eb

Zr2Br4 P21|m AB2 Zr2Br4-112846d9ccdd

ZrBr2 P6m2 AB2 ZrBr2-7897c7cc2491

Zr2I4 P21|m AB2 Zr2I4-a5233adfb04f

ZrI2 P6m2 AB2 ZrI2-9c024b5a2e89

Mo2Cl6 P62m AB3 Mo2Cl6-61d74efeaeeb

Rh2I6 P31m AB3 Rh2I6-cead7a19c832

Continued on next page
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Table B.1 – continued from previous page

Formula SG Stoichiometry C2DBUID

Pd4I8 P21|c AB2 Pd4I8-4ad713ff946b

Hf2Cl4 P21|m AB2 Hf2Cl4-ddc64205f942

HfCl2 P6m2 AB2 HfCl2-864f8b497185

Hf2Br4 P21|m AB2 Hf2Br4-69aac3df8db3

HfBr2 P6m2 AB2 HfBr2-84e9162c0c53

Hf2I4 P21|m AB2 Hf2I4-236ec74b0662

HfI2 P6m2 AB2 HfI2-05a69240794c

W2Cl6 P31m AB3 W2Cl6-de9b6fb4fc55

W2Cl6 P62m AB3 W2Cl6-eea8aee9e120

HgI2 P3m1-α AB2 Hg2I2-f7e70d2b90ad

Hg2I2 P3m1-β AB Hg2I2-f7e70d2b90ad



Appendix C

Computational Parameters and

Implementations

This appendix presents the computational parameters and computational imple-

mentations used in the present work. Section C.1 show the main parameters and

computational convergence of parameters to implement the density functional the-

ory. Then, section C.2 presents some details of the wannierization procedure. And,

lastly, in section C.3 discuss the parameters and implementations for optical and

excitonic calculations.

C.1 Density Functional Theory Calculations

The electronic and structural calculations of the present work are based on the DFT

framework using the Vienna Ab initio Simulation Package151,114 (VASP) version

5.4.4. with KS equations solved by the PAW method, where the cutoff energy

for plane wave expansions is selected by the largest recommended (ENMAX) of the

chemical species in each structure, presented in table C.1. Furthermore, we adopted

an energy criterion of 10−6 eV for the self-consistent cycle of KS.

102
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Table C.1: PAW-PBE projectors selected for this work. The minimum and
maximum recommended cutoff energy for the plane-wave basis set, ENMIN

and ENMAX, the number of valence electrons, Zval, and the valence electronic
configuration.

Element PAW projector ENMIN (eV) ENMAX (eV) Zval Valence

Cl Cl GW 19Mar2012 196.854 262.472 7 3s23p5

Br Br GW 20Mar2012 162.214 216.285 7 4s24p5

I I GW 12Mar2012 131.735 175.647 7 5s25p5

Ti Ti sv GW 05Dec2013 287.830 383.774 12 3s23p63d4

Co Co GW 31Mar2010 242.550 323.400 9 3d84s1

Zr Zr sv GW 05Dec2013 259.773 346.364 12 4s24p64s4

Mo Mo sv GW 05Dec2013 258.686 344.914 14 4s24p64d6

Rh Rh GW 06Mar2008 185.556 247.408 9 4d85s1

Pd Pd GW 06Mar2008 188.194 250.925 10 4d95s2

Hf Hf sv GW 16Jan2015 212.223 282.964 12 5s25p65d4

W W sv GW 23Mar2010 237.849 317.132 14 5s25p65d6

Hg Hg sv GW 16Apr2014 234.021 312.028 20 5s25p65d106s2

Stress tensor calculations optimize the strain and forces to generate fully optimized

structures using the PBE functional and the conjugate gradient algorithm94. The

optimized structures are obtained when the forces are lower than 0.01 eV/Å in all

atoms. Structural optimizations use a plane wave cutoff energy of ENCUT = 2×ENMAX

to minimize the Pulay stress152 in volume optimizations, whereas static calculations

use a cutoff energy of ENCUT = 1.125 × ENMAX as the Pulay stress is absent. Those

parameters were defined from computational convergence, as detailed in section ??.

The reciprocal space is sampled using the Monkhorst-Pack scheme153 with subdi-

visions in each reciprocal vector determined by equation C.1, where for structural

optimizations is used Rk = 25Å, while for electronic calculations is used Rk = 50Å

for better describe the electronic density, with convergence of this parameter pre-

sented in appendix ??. The integration in BZ employs Gaussian smearing of 0.05 eV

for structural calculations and 0.01 eV for electronic calculations.

Ni = int(max(1, Rk|bi| + 0.5)) ,bi is the reciprocal vectors . (C.1)
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C.1.1 Computational Convergence

Here, the convergence for cutoff energy and sampling in reciprocal space is presented.

We choose Rh2I6 with spacegroup P31m to perform those tests. The first test

consists of changing the largest value of the cutoff energy (ENMAXMAX) recommended

for chemical species in the structure (table C.1) keeping the Rk fixed at 25 Å−1 while

changing the cutoff energy. Here, the value of ENMAXMAX is multiplied by a factor

range from 0.625 to 3.0 in steps of −0.125. Then the structure is fully optimized

with the remaining parameters as in the previous section. The second test consists

of changing the Rk by the values 5, 10, 20, 25, 30, 40, 50 and 60 Å−1. with a fixed

cutoff energy of 1.5 × ENMAXMAX, fully optimizing the structure. All tests kept the

number of k−points at 1 in the vacuum direction of the monolayer.
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Figure C.1: Convergence tests for cutoff energy and mesh in reciprocal space.
The vertical dotted-dashed line depicts the values used for volume optimiza-
tion calculations while the vertical dashed line depicts the value for static
calculation.

Table C.1 depicts the results obtained. First, we should note that for the cutoff en-

ergy greater than 1.125×ENMAXMAX almost all properties analyzed have a perceptual

deviation less than 0.1 %. The values also do not deviate from Rk = 25Å−1.
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C.2 Wannierization

The Wannier parameterization is performed using the Wannier90 software120 version

3 based on the electronic structure calculated with VASP with SOC. It is important

to turn on the spinons in the Wannier90 input to ensure a single-state occupation of

the Wannier functions. The number of Wannier functions is determined according

to the number of orbitals selected and the number of species, according to table C.2.

We selected at least 10 bands more than the number of Wannier functions and at

least the number twice the number of electrons from the DFT calculation to activate

the disentanglement routine. The interface of Wannier90 with VASP uses version 2

of Wannier90119 to generate the projections of the Bloch functions on the relevant

projectors and the overlap matrices and complete information on the Wannier90

input, such as the structure and the mesh of k points, which is generated using

Rk = 25 Å−1. The inner window for the disentanglement procedure is chosen to be

4 eV below and above the Fermi level. In addition, the minimization procedure for

the spread of Wannier functions is performed 1000 times.

Orbital N

s 2

p 6

d 10

f 14

Table C.2: Number of Wannier functions according to the orbital.

C.3 Optical and Excitonic Calculations

From the parameterized Hamiltonian with Wannier90, the Wannier-based tight-

binding code for electronic band structure (WanTiBEXOS) software51 calculates

the optical and excitonic properties. Other studies have successfully applied the

same methodology to investigate various 2D materials41,154 and low-dimensional

perovskites155,156.

The optical properties in both independent electron approximations (IPA) and the

Bethe-Salpeter equation (BSE) were calculated from the dielectric tensor at the

direct band-gap point. Additionally, the full band-spectrum of some materials were

also presented. Here, the mesh of k-points of 120 Å−1 is used for calculating the
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dielectic tensor, while a tolerance factor of 0.001 Å−1 is used to avoid singularities

of coulomb matrix. This work uses a two-dimensional truncated Coulomb matrix,

as proposed by Rozzi et al.157 which is presented in equation C.2.

W (Q) = − e2

2ΩUCϵ0Q2
[1 − eC2(C1sin(C3) − cos(C3))] , (C.2)

where, ΩUC is the volume of unit cell, and, C1,2,3 are defined as:

C1 =
|Qz|√
Q2

x +Q2
y

, C2 =
c0
2

√
Q2

x +Q2
y C3 =

c0
2
|Qz| , (C.3)

with c0 being the size of lattice vector perpendicular to monolayer, and Qx,y,z the

cartesian components of center-or-mass of the excitons pair. Finally, the number of

conduction and valence states vary according to the system, and will be defined in

the proper section.



Appendix D

Additional Structural Parameters

Table D.1 presents the main lattice parameters calculated here, which are consistent

with those presented in C2DB. Other lattice parameters and atomic coordinates

do not exhibit significant changes compared to those found in C2 DB, since the

space group remains unchanged. Our calculations constrain the lattice parameter

perpendicular to the monolayer to be identical to the initial structure collected from

C2DB.

Table D.1: Comparison of our calculated lattice parameters with C2DB. In
parentheses are shown the deviation in % using equation D.1. a0 and, b0 are
the lattice parameter and, γ0 is the angle between a0 and, b0.

System Source a0 (Å) b0 (Å) γ0 (◦)

Ti2Cl4 (P21|m) This work 3.25 5.91 90.00

C2DB 3.25 (0.1) 5.91 (0.1) 90.00 (0.0)

TiCl2 (P6m2) This work 3.28 3.28 120.00

C2DB 3.28 (0.1) 3.28 (0.1) 120.00 (0.0)

TiBr2 (P6m2) This work 3.47 3.47 120.00

C2DB 3.47 (0.2) 3.47 (0.2) 120.00 (0.0)

TiI2 (P6m2) This work 3.76 3.76 120.00

C2DB 3.77 (0.3) 3.77 (0.3) 120.00 (0.0)

Co2I6 (P31m) This work 6.72 6.72 120.00

Continued on next page
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Table D.1 – continued from previous page

System Source a0 (Å) b0 (Å) γ0 (◦)

C2DB 6.74 (0.3) 6.74 (0.3) 120.00 (0.0)

Zr2Cl4 (P21|m) This work 3.33 6.24 90.00

C2DB 3.33 (0.0) 6.23 (0.1) 90.00 (0.0)

ZrCl2 (P6m2) This work 3.41 3.41 120.00

C2DB 3.41 (0.1) 3.41 (0.1) 120.00 (0.0)

Zr2Br4 (P21|m) This work 3.49 6.50 90.00

C2DB 3.49 (0.1) 6.50 (0.0) 90.00 (0.0)

ZrBr2 (P6m2) This work 3.56 3.56 120.00

C2DB 3.56 (0.0) 3.56 (0.0) 120.00 (0.0)

Zr2I4 (P21|m) This work 3.76 6.91 90.00

C2DB 3.77 (0.3) 6.91 (0.0) 90.00 (0.0)

ZrI2 (P6m2) This work 3.82 3.82 120.00

C2DB 3.83 (0.2) 3.83 (0.2) 120.00 (0.0)

Mo2Cl6 (P62m) This work 5.59 5.59 120.00

C2DB 5.59 (0.0) 5.59 (0.0) 120.00 (0.0)

Rh2I6 (P31m) This work 6.90 6.90 120.00

C2DB 6.93 (0.4) 6.93 (0.4) 120.00 (0.0)

Pd4I8 (P21|c) This work 7.13 9.03 90.00

C2DB 7.17 (0.5) 9.10 (0.8) 90.00 (0.0)

Hf2Cl4 (P21|m) This work 3.27 6.16 90.00

C2DB 3.28 (0.2) 6.16 (0.1) 90.00 (0.0)

HfCl2 (P6m2) This work 3.35 3.35 120.00

C2DB 3.35 (0.1) 3.35 (0.1) 120.00 (0.0)

Hf2Br4 (P21|m) This work 3.43 6.42 90.00

C2DB 3.44 (0.2) 6.43 (0.2) 90.00 (0.0)

HfBr2 (P6m2) This work 3.49 3.49 120.00

C2DB 3.50 (0.2) 3.50 (0.2) 120.00 (0.0)

Continued on next page
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System Source a0 (Å) b0 (Å) γ0 (◦)

Hf2I4 (P21|m) This work 3.70 6.81 90.00

C2DB 3.72 (0.3) 6.83 (0.2) 90.00 (0.0)

HfI2 (P6m2) This work 3.76 3.76 120.00

C2DB 3.77 (0.3) 3.77 (0.3) 120.00 (0.0)

W2Cl6 (P31m) This work 5.56 5.56 120.00

C2DB 5.56 (0.0) 5.56 (0.0) 120.00 (0.0)

W2Cl6 (P62m) This work 5.52 5.52 120.00

C2DB 5.52 (0.0) 5.52 (0.0) 120.00 (0.0)

HgI2 (P3m1-α) This work 4.37 4.37 120.00

C2DB 4.39 (0.3) 4.39 (0.3) 120.00 (0.0)

Hg2I2 (P3m1-β) This work 4.46 4.47 119.94

C2DB 4.46 (0.1) 4.48 (0.3) 119.80 (0.1)

∆X =

(
|XC2DB −XThis work|

XThis Work

)
100% (D.1)



Appendix E

Complementary details of Electronic

Properties

E.1 Density of States

This section provides additional details on density of states (DOS) calculations.

Figures E.1 and E.2 show the total DOS (TDOS), the total local DOS (TLDOS),

which includes the local DOS (LDOS) for the halides (B) and transition metal (A)

atoms, calculated using the PBE XC functional and including spin-orbit coupling

(SOC). Figures E.3 and E.4 depict the local DOS projected on atoms and orbitals

for TDOS and TLDOS, respectively, in both PBE and PBE+SOC calculations.

110
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Figure E.1: TDOS (grey fill curve), TLDOS (black line), LDOS on halide
atoms B (blue line) and in transition metal atoms A (red line) calculated
using the PBE functional.
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Figure E.2: TDOS (grey fill curve), TLDOS (black line), LDOS on halide
atoms B (blue line) and in transition metal atoms A (red line) calculated
using the PBE functional including SOC.
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Figure E.3: TDOS (grey fill curve), TLDOS (black line), Halide (B) orbital
s, p, d states (lime, purple and yellow, respectively) and in transition metal
A orbital s, p, d states (dark-blue, orange and dark green, respectively)
calculated using the PBE functional.
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Figure E.4: TDOS (grey fill curve), TLDOS (black line), Halide (B) orbital
s, p, d states (lime, purple and yellow, respectively) and in transition metal
A orbital s, p, d states (dark-blue, orange and dark green, respectively)
calculated using the PBE functional inclusing SOC.
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E.2 Electronic Band Strutures

This section provides additional details on electronic band structures. Figure E.5

shows the PBE band structure, including spin-orbit coupling (PBE+SOC). Fig-

ure E.6 depicts the HSE06 functional-based band structure. Tables E.1, E.2, and E.3

present the details of band gaps, including comparisons with C2DB for PBE and

PBE+SOC, respectively. In tables E.1, E.2, and E.3, the type of fundamental band

gap, which was either indirect (direct), is calculated considering a threshold value

of 0.01 eV in the difference between the direct and fundamental gaps.
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Figure E.5: The band structure with the PBE functional (solid black line)
and including spin-orbit coupling (PBE+SOC) (blue solid line) is depicted.
The Fermi level (EFermi) is shifted to zero, as shown by the black dotted line.
Vertical black dashed lines indicate special points in the Brillouin zone.
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Figure E.6: The band structure with the HSE06 functional is depicted. The
Fermi level (EFermi) is shifted to zero, as shown by the black dotted line.
Vertical black dashed lines indicate special points in the Brillouin zone.
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Table E.1: The fundamental band gap (Eg), which is defined by the difference
between the valence band maximum (VBM) and conduction band minimum
(CBM), was calculated in this work using the PBE functional, where type
refer if the fundamental bandgap is direct or indirect. The direct band gap
(Edir

g ) was also determined. These values were compared with those presented
in C2DB, and the percentage deviation is shown in parentheses, as calculated
according to equation D.1.

System Source Eg (eV) Type Edir.
g (eV)

Ti2Cl4 (P21|m) This work 0.32 Indirect 0.38

C2DB 0.32 (1.0) Indirect 0.39 (1.7)

TiCl2 (P6m2) This work 0.93 Indirect 1.19

C2DB 0.92 (0.6) Indirect 1.18 (0.5)

TiBr2 (P6m2) This work 0.80 Indirect 0.98

C2DB 0.79 (0.5) Indirect 0.97 (1.2)

TiI2 (P6m2) This work 0.68 Direct 0.69

C2DB 0.67 (1.3) Direct 0.67 (2.0)

Co2I6 (P31m) This work 0.95 Direct 0.96

C2DB 0.87 (8.8) Indirect 0.88 (8.0)

Zr2Cl4 (P21|m) This work 0.59 Direct 0.60

C2DB 0.61 (3.1) Direct 0.61 (2.3)

ZrCl2 (P6m2) This work 1.01 Indirect 1.58

C2DB 1.01 (0.6) Indirect 1.59 (0.5)

Zr2Br4 (P21|m) This work 0.59 Indirect 0.62

C2DB 0.58 (0.8) Indirect 0.64 (2.7)

ZrBr2 (P6m2) This work 0.86 Indirect 1.48

C2DB 0.87 (0.6) Indirect 1.48 (0.0)

Zr2I4 (P21|m) This work 0.43 Indirect 0.54

C2DB 0.43 (1.0) Indirect 0.53 (1.0)

ZrI2 (P6m2) This work 0.77 Indirect 1.36

C2DB 0.77 (0.0) Indirect 1.36 (0.3)

Mo2Cl6 (P62m) This work 0.58 Direct 0.58

Continued on next page



E.2. Electronic Band Strutures 119

Table E.1 – continued from previous page

System Source Eg (eV) Type Edir.
g (eV)

C2DB 0.56 (2.6) Direct 0.56 (2.6)

Rh2I6 (P31m) This work 1.34 Indirect 1.37

C2DB 1.25 (6.7) Indirect 1.29 (6.1)

Pd4I8 (P21|c) This work 1.19 Indirect 1.24

C2DB 1.14 (4.1) Indirect 1.18 (4.4)

Hf2Cl4 (P21|m) This work 0.88 Indirect 0.90

C2DB 0.87 (0.5) Indirect 0.89 (1.2)

HfCl2 (P6m2) This work 1.00 Indirect 1.80

C2DB 1.01 (1.1) Indirect 1.79 (0.5)

Hf2Br4 (P21|m) This work 0.86 Indirect 0.90

C2DB 0.88 (2.9) Indirect 0.90 (0.5)

HfBr2 (P6m2) This work 0.84 Indirect 1.62

C2DB 0.85 (0.8) Indirect 1.62 (0.0)

Hf2I4 (P21|m) This work 0.65 Indirect 0.70

C2DB 0.66 (1.3) Indirect 0.71 (1.5)

HfI2 (P6m2) This work 0.77 Indirect 1.43

C2DB 0.78 (1.1) Indirect 1.41 (1.0)

W2Cl6 (P31m) This work 0.90 Direct 0.90

C2DB 0.90 (0.2) Direct 0.90 (0.2)

W2Cl6 (P62m) This work 0.98 Direct 0.98

C2DB 0.97 (0.9) Direct 0.97 (0.9)

HgI2 (P3m1-α) This work 1.41 Indirect 1.58

C2DB 1.51 (7.2) Indirect 1.67 (6.0)

Hg2I2 (P3m1-β) This work 1.36 Indirect 1.46

C2DB 1.43 (5.0) Indirect 1.52 (4.7)
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Table E.2: The fundamental band gap (Eg), which is defined by the difference
between the valence band maximum (VBM) and conduction band minimum
(CBM), was calculated in this work using the PBE+SOC functional, where
type refer if the fundamental bandgap is direct or indirect. The direct band
gap (Edir

g ) was also determined. These values were compared with those
presented in C2DB, and the percentage deviation is shown in parentheses, as
calculated according to equation D.1.

System Source Eg (eV) Type Edir.
g (eV)

Ti2Cl4 (P21|m) This work 0.32 Indirect 0.38

C2DB 0.32 (0.9) Indirect 0.39 (1.6)

TiCl2 (P6m2) This work 0.91 Indirect 1.19

C2DB 0.90 (0.6) Indirect 1.18 (0.5)

TiBr2 (P6m2) This work 0.76 Indirect 0.94

C2DB 0.76 (0.4) Indirect 0.93 (1.3)

TiI2 (P6m2) This work 0.61 Indirect 0.64

C2DB 0.60 (2.3) Indirect 0.62 (3.2)

Co2I6 (P31m) This work 0.64 Indirect 0.67

C2DB 0.53 (17.4) Indirect 0.58 (13.8)

Zr2Cl4 (P21|m) This work 0.59 Direct 0.60

C2DB 0.61 (3.0) Direct 0.61 (2.1)

ZrCl2 (P6m2) This work 0.97 Indirect 1.57

C2DB 0.98 (0.7) Indirect 1.58 (0.6)

Zr2Br4 (P21|m) This work 0.59 Indirect 0.62

C2DB 0.58 (1.0) Indirect 0.64 (2.7)

ZrBr2 (P6m2) This work 0.82 Indirect 1.48

C2DB 0.83 (0.7) Indirect 1.48 (0.0)

Zr2I4 (P21|m) This work 0.42 Indirect 0.54

C2DB 0.42 (0.1) Indirect 0.53 (1.0)

ZrI2 (P6m2) This work 0.70 Indirect 1.30

C2DB 0.69 (1.3) Indirect 1.27 (2.0)

Mo2Cl6 (P62m) This work 0.53 Direct 0.53

Continued on next page
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Table E.2 – continued from previous page

System Source Eg (eV) Type Edir.
g (eV)

C2DB 0.51 (3.3) Direct 0.51 (3.3)

Rh2I6 (P31m) This work 1.11 Indirect 1.12

C2DB 0.99 (10.8) Indirect 1.02 (9.5)

Pd4I8 (P21|c) This work 1.13 Indirect 1.18

C2DB 1.07 (5.1) Indirect 1.10 (6.1)

Hf2Cl4 (P21|m) This work 0.86 Indirect 0.88

C2DB 0.84 (2.3) Indirect 0.86 (2.9)

HfCl2 (P6m2) This work 0.91 Indirect 1.74

C2DB 0.91 (0.3) Indirect 1.72 (0.8)

Hf2Br4 (P21|m) This work 0.84 Indirect 0.88

C2DB 0.85 (1.2) Indirect 0.87 (1.0)

HfBr2 (P6m2) This work 0.74 Indirect 1.56

C2DB 0.73 (1.3) Indirect 1.55 (0.5)

Hf2I4 (P21|m) This work 0.63 Indirect 0.67

C2DB 0.63 (0.2) Indirect 0.67 (0.1)

HfI2 (P6m2) This work 0.63 Indirect 1.32

C2DB 0.63 (0.1) Indirect 1.28 (3.1)

W2Cl6 (P31m) This work 0.52 Direct 0.52

C2DB 0.49 (6.1) Direct 0.49 (6.1)

W2Cl6 (P62m) This work 0.75 Direct 0.75

C2DB 0.71 (5.8) Direct 0.71 (5.8)

HgI2 (P3m1-α) This work 1.15 Indirect 1.42

C2DB 1.20 (4.5) Indirect 1.47 (3.2)

Hg2I2 (P3m1-β) This work 1.26 Indirect 1.28

C2DB 1.28 (1.4) Indirect 1.30 (1.3)
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Table E.3: The fundamental band gap (Eg), which is defined by the difference
between the valence band maximum (VBM) and conduction band minimum
(CBM), was calculated in this work using the HSE06 functional, where type
refer if the fundamental bandgap is direct or indirect. The direct band gap
(Edir

g ) was also determined.

System Eg (eV) Type Edir.
g (eV)

Ti2Cl4 (P21|m) 0.98 Indirect 1.01

TiCl2 (P6m2) 1.43 Indirect 1.48

TiBr2 (P6m2) 1.11 Direct 1.11

TiI2 (P6m2) 0.64 Direct 0.64

Co2I6 (P31m) 1.96 Direct 1.96

Zr2Cl4 (P21|m) 1.19 Indirect 1.21

ZrCl2 (P6m2) 1.58 Indirect 2.19

Zr2Br4 (P21|m) 1.15 Indirect 1.20

ZrBr2 (P6m2) 1.37 Indirect 2.06

Zr2I4 (P21|m) 0.87 Direct 0.87

ZrI2 (P6m2) 1.17 Indirect 1.71

Mo2Cl6 (P62m) 0.70 Direct 0.70

Rh2I6 (P31m) 2.30 Direct 2.30

Pd4I8 (P21|c) 2.14 Indirect 2.21

Hf2Cl4 (P21|m) 1.52 Indirect 1.54

HfCl2 (P6m2) 1.62 Indirect 2.46

Hf2Br4 (P21|m) 1.35 Indirect 1.46

HfBr2 (P6m2) 1.40 Indirect 2.22

Hf2I4 (P21|m) 1.04 Indirect 1.07

HfI2 (P6m2) 1.20 Indirect 1.93

W2Cl6 (P31m) 1.34 Direct 1.34

W2Cl6 (P62m) 1.29 Direct 1.29

HgI2 (P3m1-α) 2.22 Indirect 2.40

Hg2I2 (P3m1-β) 2.06 Indirect 2.15
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E.3 Band Gap Corrections

The scissors operator in this work correct the bandgap by using the equation E.1. It

was chosen because of its ability to provide a more realistic single-particle band gap

while maintaining an affordable computational cost. Table E.4 presents the correct

band gaps as the scissors operator (χ) for the fundamental and direct band gap.

EHSE06+SOC
g = EPBE+SOC

g + (

χ︷ ︸︸ ︷
EHSE06

g − EPBE
g ) . (E.1)

Table E.4: The scissors operator (χdir.) and the corrected band gaps
(EHSE06+SOC, dir.

g ) were calculated using equation E.1, considering the direct
band gap. The corrected band gap values are also compared with those pre-
sented in C2DB.

System Source χdir. (eV) EHSE06+SOC, dir.
g (eV)

Ti2Cl4 (P21|m) This work 0.63 1.01

C2DB - 1.01 (0.0)

TiCl2 (P6m2) This work 0.29 1.48

C2DB - 1.65 (11.3)

TiBr2 (P6m2) This work 0.13 1.07

C2DB - 1.28 (19.9)

TiI2 (P6m2) This work −0.04 0.59

C2DB - 0.83 (39.6)

Co2I6 (P31m) This work 1.01 1.68

C2DB - 1.98 (18.1)

Zr2Cl4 (P21|m) This work 0.62 1.21

C2DB - 1.15 (5.4)

ZrCl2 (P6m2) This work 0.61 2.18

C2DB - 2.16 (1.0)

Zr2Br4 (P21|m) This work 0.57 1.19

C2DB - 1.17 (1.8)

Continued on next page
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Table E.4 – continued from previous page

System Source χdir. (eV) EHSE06+SOC, dir.
g (eV)

ZrBr2 (P6m2) This work 0.58 2.05

C2DB - 2.00 (2.9)

Zr2I4 (P21|m) This work 0.33 0.87

C2DB - 0.89 (2.2)

ZrI2 (P6m2) This work 0.34 1.64

C2DB - 1.68 (2.4)

Mo2Cl6 (P62m) This work 0.13 0.65

C2DB - 0.82 (24.8)

Rh2I6 (P31m) This work 0.92 2.05

C2DB - 2.02 (1.2)

Pd4I8 (P21|c) This work 0.97 2.15

C2DB - 2.06 (4.0)

Hf2Cl4 (P21|m) This work 0.64 1.52

C2DB - 1.46 (4.4)

HfCl2 (P6m2) This work 0.66 2.39

C2DB - 2.34 (2.2)

Hf2Br4 (P21|m) This work 0.56 1.44

C2DB - 1.42 (1.6)

HfBr2 (P6m2) This work 0.60 2.15

C2DB - 2.10 (2.4)

Hf2I4 (P21|m) This work 0.37 1.04

C2DB - 1.05 (1.0)

HfI2 (P6m2) This work 0.50 1.82

C2DB - 1.77 (2.9)

W2Cl6 (P31m) This work 0.44 0.96

C2DB - 0.88 (7.7)

W2Cl6 (P62m) This work 0.31 1.06

Continued on next page
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Table E.4 – continued from previous page

System Source χdir. (eV) EHSE06+SOC, dir.
g (eV)

C2DB - 1.16 (9.6)

HgI2 (P3m1-α) This work 0.82 2.24

C2DB - 2.22 (0.9)

Hg2I2 (P3m1-β) This work 0.69 1.98

C2DB - 1.95 (1.6)

E.4 Work Function

The work function, defined as the energy necessary to remove an electron from the

Fermi level and bring it to infinity, is presented in table E.5. The calculation of

the work function was performed using equation E.2 for the PBE and PBE+SOC

functionals.

Φ = V (rvac) − EFermi , (E.2)

where, V (rvac) is the vacuum potential, i.e. far away from the structure and EFermi

the Fermi level.

Table E.5: Summary of data and calculated value of workfunction for PBE
and PBE+SOC functionals.

System Functional V (rvac.) (eV) EFermi (eV) Φ (eV)

Ti2Cl4 (P21|m) PBE 3.43 −1.22 4.65

PBE+SOC 3.43 −1.22 4.65

TiCl2 (P6m2) PBE 3.51 −0.75 4.26

PBE+SOC 3.51 −0.73 4.24

TiBr2 (P6m2) PBE 3.36 −0.54 3.90

PBE+SOC 3.36 −0.51 3.87

TiI2 (P6m2) PBE 4.06 0.39 3.67

Continued on next page
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Table E.5 – continued from previous page

System Functional V (rvac.) (eV) EFermi (eV) Φ (eV)

PBE+SOC 4.06 0.45 3.61

Co2I6 (P31m) PBE 3.33 −2.12 5.45

PBE+SOC 3.33 −1.81 5.14

Zr2Cl4 (P21|m) PBE 3.57 −0.99 4.56

PBE+SOC 3.57 −0.99 4.56

ZrCl2 (P6m2) PBE 3.65 −0.39 4.04

PBE+SOC 3.65 −0.37 4.02

Zr2Br4 (P21|m) PBE 3.45 −0.89 4.34

PBE+SOC 3.45 −0.89 4.34

ZrBr2 (P6m2) PBE 3.54 −0.17 3.70

PBE+SOC 3.53 −0.12 3.66

Zr2I4 (P21|m) PBE 4.10 −0.02 4.13

PBE+SOC 4.10 0.00 4.10

ZrI2 (P6m2) PBE 4.20 0.73 3.47

PBE+SOC 4.20 0.80 3.40

Mo2Cl6 (P62m) PBE 3.39 −1.70 5.10

PBE+SOC 3.39 −1.66 5.05

Rh2I6 (P31m) PBE 3.39 −2.20 5.58

PBE+SOC 3.39 −1.99 5.37

Pd4I8 (P21|c) PBE 1.55 −4.32 5.86

PBE+SOC 1.54 −4.23 5.78

Hf2Cl4 (P21|m) PBE 3.58 −0.90 4.49

PBE+SOC 3.58 −0.91 4.49

HfCl2 (P6m2) PBE 3.69 −0.04 3.72

PBE+SOC 3.69 −0.02 3.70

Hf2Br4 (P21|m) PBE 3.47 −0.81 4.28

PBE+SOC 3.47 −0.81 4.28

Continued on next page
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Table E.5 – continued from previous page

System Functional V (rvac.) (eV) EFermi (eV) Φ (eV)

HfBr2 (P6m2) PBE 3.58 0.17 3.41

PBE+SOC 3.58 0.22 3.36

Hf2I4 (P21|m) PBE 4.16 0.13 4.02

PBE+SOC 4.15 0.15 4.00

HfI2 (P6m2) PBE 4.26 1.04 3.22

PBE+SOC 4.26 1.15 3.11

W2Cl6 (P31m) PBE 3.47 −1.63 5.10

PBE+SOC 3.47 −1.43 4.90

W2Cl6 (P62m) PBE 3.48 −1.23 4.71

PBE+SOC 3.48 −1.08 4.55

HgI2 (P3m1-α) PBE 3.20 −3.00 6.20

PBE+SOC 3.19 −2.68 5.87

Hg2I2 (P3m1-β) PBE 3.83 −2.25 6.08

PBE+SOC 3.82 −2.11 5.93



Appendix F

Complementary Details of Tight

Binding Calculations

This appendix provides additional details on the Wannier interpolation. Table F.1

shows the fine energy interval, which was calculated to be 4 eV above (Efrozen, max)

and below (Efrozen, min) the Fermi level. This table also presents the orbital states

considered for the Wannier interpolation, determined from the density of states

presented in section E, as well as the number of target Wannier functions (calculated

considering table C.2) and the DFT functions used to calculate the overlap and

hopping matrices. Figure F.1 shows the results of the interpolated band, compared

to the PBE+SOC DFT band structures, ensuring the quality of the parameterized

band structure and the corresponding tight-binding Hamiltonian (TB).

Table F.1: Summary of parameters used to perform the Wannier interpola-
tion. Fine energy interval (Efrozen,min and Efrozen,max ), state considered in
the halide (Orb. B) and metal (Orb. A), number of Wannier projections
(Nwann) and number of DFT bands (Nbands).

System Efrozen, min. Efrozen, max. Orb. B Orb. A Nwann Nbands

(eV) (eV)

Ti2Cl4 (P21|m) −5.22 2.78 s,p,d s,p,d 108 120

TiCl2 (P6m2) −4.73 3.27 s,p,d s,p,d 54 66

TiBr2 (P6m2) −4.51 3.49 s,p,d s,p,d 54 66

TiI2 (P6m2) −3.55 4.45 s,p,d s,p,d 54 66

Continued on next page
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Table F.1 – continued from previous page

System Efrozen, min Efrozen, max Orb. B Orb. A Nwann Nbands

(eV) (eV)

Co2I6 (P31m) −5.81 2.19 s,p,d p,d 140 150

Zr2Cl4 (P21|m) −4.99 3.01 s,p,d s,p,d 108 120

ZrCl2 (P6m2) −4.37 3.63 s,p,d s,p,d 54 66

Zr2Br4 (P21|m) −4.89 3.11 s,p,d s,p,d 108 120

ZrBr2 (P6m2) −4.12 3.88 s,p,d s,p,d 54 66

Zr2I4 (P21|m) −4.00 4.00 s,p,d s,p,d 108 120

ZrI2 (P6m2) −3.20 4.80 s,p,d s,p,d 54 66

Mo2Cl6 (P62m) −5.66 2.34 s,p,d p,d 140 150

Rh2I6 (P31m) −5.99 2.01 s,p,d s,p,d 144 156

Pd4I8 (P21|c) −8.23 −0.23 s,p,d s,p,d 216 228

Hf2Cl4 (P21|m) −4.91 3.09 s,p,d s,p,d 108 120

HfCl2 (P6m2) −4.02 3.98 s,p,d s,p,d 54 66

Hf2Br4 (P21|m) −4.81 3.19 s,p,d s,p,d 108 120

HfBr2 (P6m2) −3.78 4.22 s,p,d s,p,d 54 66

Hf2I4 (P21|m) −3.85 4.15 s,p,d s,p,d 108 120

HfI2 (P6m2) −2.85 5.15 s,p,d s,p,d 54 66

W2Cl6 (P31m) −5.43 2.57 s,p,d s,p,d,f 172 183

W2Cl6 (P62m) −5.08 2.92 s,p,d s,d 132 142

Hg2I2 (P3m1) −6.11 1.89 s,p,d s,p,d 72 108

HgI2 (P3m1) −6.68 1.32 s,p,d s,p,d 54 68
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Figure F.1: Compassion between the interpolated Wannier (green dashed
line) and PBE+SOC (blue solid line) band structures. In both the Fermi
level was shifted to zero, as depicted by the black dotted line.



Appendix G

Complementary Details on Excitonic

and Optical Properties

This appendix provides additional details on optical and excitonic properties. The

main input parameters for the optical and excitonic calculations are presented in

table G.1, where Nc (Nv) is the number of conduction (valence) bands considered

determined as all bands in the limit below (above) the value δE, calculated as:

δE = 4 − Edir.
g .

Table G.2 presents numerical values describing the fundamental and bright excitonic

states.

Table G.1: Main parameters used in optical and excitonic properties.

System EFermi (eV) χ (eV) Nc Nv

Ti2Cl4 (P21|m) −1.215 661 0.631 912 16 4

TiCl2 (P6m2) −0.732 228 0.290 663 10 2

TiBr2 (P6m2) −0.506 608 0.127 103 8 2

TiI2 (P6m2) 0.449 083 −0.042 635 12 4

Co2I6 (P31m) −1.799 567 1.006 066 8 24

Zr2Cl4 (P21|m) −0.980 476 0.615 728 16 4

ZrCl2 (P6m2) −0.371 960 0.607 743 8 2

Continued on next page
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Table G.1 – continued from previous page

System EFermi (eV) χ (eV) Nc Nv

Zr2Br4 (P21|m) −0.877 769 0.573 006 16 4

ZrBr2 (P6m2) −0.122 395 0.579 346 8 2

Zr2I4 (P21|m) −0.000 212 0.334 049 18 12

ZrI2 (P6m2) 0.801 903 0.344 732 10 2

Mo2Cl6 (P62m) −1.647 362 0.128 032 14 10

Rh2I6 (P31m) −1.976 262 0.924 157 8 24

Pd4I8 (P21|c) −4.214 038 0.971 300 8 42

Hf2Cl4 (P21|m) −0.868 948 0.638 656 10 4

HfCl2 (P6m2) −0.006 799 0.658 829 6 2

Hf2Br4 (P21|m) −0.795 579 0.558 834 14 4

HfBr2 (P6m2) 0.232 020 0.595 437 8 2

Hf2I4 (P21|m) 0.169 341 0.370 419 16 10

HfI2 (P6m2) 1.147 826 0.498 712 10 2

W2Cl6 (P31m) −1.420 471 0.437 913 14 10

W2Cl6 (P62m) −1.076 117 0.313 908 16 10

Hg2I2 (P3m1) −2.093 684 0.693 407 2 10

HgI2 (P3m1) −2.666 591 0.821 306 2 6

Table G.2: Exciton ground state (EGS
X ), excitons binding energy (Eb), exction

bright state (Ebr
X ) and, the type of fundamental excitonic state. The excitons

binding energy was also shown for some system when the value is present in
C2DB.

System Source EGS
X (eV) Eb (eV) Ebr

X (eV) Type

Ti2Cl4 (P21|m) This work 0.25 0.78 0.40 Dark

C2DB - - - -

TiCl2 (P6m2) This work 0.65 0.81 0.65 Bright

C2DB - 0.83 - -

TiBr2 (P6m2) This work 0.34 0.73 0.34 Bright

Continued on next page
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Table G.2 – continued from previous page

System Source EGS
X (eV) Eb (eV) Ebr

X (eV) Type

C2DB - 0.59 - -

TiI2 (P6m2) This work −1.07 1.68 0.03 EI

C2DB - 0.44 - -

Co2I6 (P31m) This work 0.90 0.73 0.90 Bright

C2DB - - - -

Zr2Cl4 (P21|m) This work 0.67 0.55 0.67 Bright

C2DB - - - -

ZrCl2 (P6m2) This work 1.43 0.74 1.43 Bright

C2DB - 0.91 - -

Zr2Br4 (P21|m) This work 0.63 0.59 0.63 Bright

C2DB - - - -

ZrBr2 (P6m2) This work 1.30 0.75 1.30 Bright

C2DB - 0.83 - -

Zr2I4 (P21|m) This work 0.30 0.58 0.30 Bright

C2DB - - - -

ZrI2 (P6m2) This work 0.96 0.68 0.96 Bright

C2DB - 0.64 - -

Mo2Cl6 (P62m) This work 0.36 0.29 0.36 Bright

C2DB - - - -

Rh2I6 (P31m) This work 1.26 0.74 1.26 Bright

C2DB - - - -

Pd4I8 (P21|c) This work 1.62 0.47 1.62 Bright

C2DB - - - -

Hf2Cl4 (P21|m) This work 1.05 0.45 1.05 Bright

C2DB - - - -

HfCl2 (P6m2) This work 1.67 0.73 1.67 Bright

C2DB - 0.91 - -

Continued on next page
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Table G.2 – continued from previous page

System Source EGS
X (eV) Eb (eV) Ebr

X (eV) Type

Hf2Br4 (P21|m) This work 0.92 0.52 0.92 Bright

C2DB - - - -

HfBr2 (P6m2) This work 1.44 0.71 1.44 Bright

C2DB - 0.81 - -

Hf2I4 (P21|m) This work 0.53 0.51 0.53 Bright

C2DB - - - -

HfI2 (P6m2) This work 1.19 0.64 1.19 Bright

C2DB - 0.57 - -

W2Cl6 (P31m) This work 0.59 0.36 0.59 Bright

C2DB - - - -

W2Cl6 (P62m) This work 0.84 0.23 0.84 Bright

C2DB - - - -

HgI2 (P3m1-α) This work 1.59 0.65 1.59 Bright

C2DB - 0.98 - -

Hg2I2 (P3m1-β) This work 1.69 0.28 1.69 Bright

C2DB - - - -
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