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Resumen

Las perovskitas son un material que ha adquirido especial importancia en los tltimos afios debido a sus potenciales
aplicaciones en la industria de generacion de energia debido a sus propiedades electrénicas; ya existe evidencia de
su uso y funcionamiento en esta industria como paneles solares, piezoeléctricos. Actualmente, se estd estudiando en
profundidad para sacar todo el potencial de este material, ya que existen diferentes tipos de perovskitas para sintetizar
e investigar.

Sin embargo, este trabajo se basa en estudios recientes sobre la doble perovskita de halogenuros metélicos
Cs,Au,Clg, profundizando en su andlisis mediante la construccién de modelos atémicos utilizando su estructura
completa y sus estructura con defectos de cloro, que es el dtomo mads ficil de extraer de este compuesto. Este
estudio realiza la descripcién de estos modelos atémicos usando la Teoria Funcional de la Densidad con SCAN como
funcional para calcular las propiedades electrénicas. Los resultados obtenidos se presentan a través de imagenes
de densidad parcial de estados (PDOS) para cada capa con la descripciéon de la contribucion de cada elemento e
imdgenes STM para los modelos que presentaron banda prohibida. Ademds, también se presentan imdgenes de UPS
con la posicién de los picos, el cdlculo de la funcién de trabajo y el potencial de ionizacién de cada modelo de
superficie A 'y B.

Se encontré que de todos los modelos presentados, solo los modelos 14a-2clv, 14b-2clv2B y 14a son aisladores.
Todos los demds modelos atdmicos muestran un comportamiento metdlico en su capa mds externa, lo que puede
permitir que este material se utilice en futuras aplicaciones tecnoldgicas.

Palabras Clave: Teoria Funcional de la Densidad, materiales en capas, estructura electrénica, VASP, PDOS,
STM, UPS, potencial de ionizacidén, funcién trabajo
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Abstract

Perovskites are a material that has acquired special importance in recent years due to their potential applications
in the energy generation industry from renewable resources due to their electronic properties. There is already
evidence of their use and operation in this industry as piezoelectric, solar panels. Currently, it is being studied
in-depth to get the full potential of this material due to there are different types of perovskites to be synthesized and
investigated.

However, this work is based on recent studies on the metal halide double perovskite CsyAu,Clg, deepening its
analysis by building atomic models using its complete structure and its structure with chlorine defects, which is
the atom that is easier to extract from this compound. This study performs the description of these atomic models
using Density Functional Theory with SCAN as a functional to calculate the electronic properties. The obtained
results are presented through images of the partial density of states (PDOS) for each layer with the description of the
contribution of each element and STM images for the models that presented band gap. Furthermore, UPS images
with the position of the peaks, the work function calculation and the ionization potential of each model surface A
and B are also presented.

It was found that of all the models presented, only models 14a-2clv, 14b-2clv2B, and 14a are insulators. All the
other atomic models show metallic behaviour in their outermost layer, which may allow this material to be used in
future technological applications.

Keywords: Density-Functional Theory, layered materials, electronic structure, VASP, PDOS, STM, UPS,
ionization potential, work function
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Chapter 1

Introduction

In our current society, we depend heavily on non-renewable energy sources such as oil to carry out our activities.
However, the growing global energy demand has led to the development of energy sources that are renewable and
friendly to the environment. The idea of solar panels that take advantage of sunlight to generate energy is in this
field where the study of materials that allow us to maximize energy generation takes special importance®”.

Itis precisely here that it is proposed to use perovskite, a compound with an atomic structure defined in such a way
that it has several useful properties for this field. Here is where it is performed the study of Integrated Experimental
and Theoretical Approach for Efficient Design and Synthesis of Gold-Based Double Halide Perovskites® on which
the present work is based when carrying out a deeper analysis of the results found.

A material is considered perovskite when its atoms follow the AysB»X4?; this is the reason why exist several

1011 guch us

types of perovskites. Several perovskites are being studied to determine their potential application
semiconductors '? or piezoelectrics, which has aroused interest in the field of materials science. Using computational
methods such as DFT has proven to be of special interest to simulate and determine the possible properties of this

type of material, which can then be synthesized in the laboratory for use in the desired field of application.

1.1 Problem Statement

Perovskite is a material that has attracted attention lately with its electronics. However, the materials we used to
form this compound were toxic and generated damage to the environment 3.

However, since this arrangement of atoms can be quite useful, new perovskites have been investigated. It was
found that it is possible to replace toxic atoms with atoms that do not harm the environment, such as gold, chlorine
and cesium, and do not produce as much damage as before the lead®. An initial analysis of the properties of this
material has been carried out. However, it is considered relevant to deepen the study of this compound to establish
a state of the art that complements the previously carried out analysis.

This research contributes to some sustainable development objectives proposed by the UN, such as an action for
the climate and affordable and non-polluting energy '#. Therefore, we use DFT to investigate the electronic properties



2 1.2. GENERAL AND SPECIFIC OBJECTIVES

of Cs,Au,Clg to explore various surfaces that could be synthesized experimentally and used for new technological

developments.

1.2 General and Specific Objectives

The main objective of this thesis is to perform a Density Functional Theory (DFT) study of the atomic and electronic
structure of the metal halide double perovskite Cs,Au,Clg with chlorine vacancy defects using SCAN. For this, we

have to fulfill the following objectives:
» Explain the theoretical background of the DFT density functional theory and the use of the SCAN functional.
* Modeling and study of the atomic and electronic structure of Cs,Au,Clg bulk.

* Study the surfaces of Cs;Au,Cl considering the possible arrangements and the atomic structures with chlorine
defects.

 Perform STM simulation images.
 Perform PDOS spin-polarized simulation images for the most energetically favourable surfaces.
* Perform UPS simulation images.

» Compute the work function and the ionization potential.



Chapter 2

Theoretical Background

2.1 Many-Body Schrodinger Equation

In order to analyze the properties of a material, we have to study how it is composed. If we look at the atomic
scale, we have a system with a set of nuclei and electrons, which will determine its properties depending on their
arrangement.

We are working in a non-relativistic regime, and understanding the behaviour of the particles is necessary to use
and solve the Schrodinger equation. However, for this case, we restrict the region of interest to stationary electronic

states, so we have to consider just the time-dependent Schrodinger equation, which has the following form:

(K +Vy = Ey 2.1

where K and V are the kinetic and potential energy operators respectively, £ is the energy operator, and i is the
wave function, where the position y(r) is determined by r = xu, + yu, + zu, in Cartesian coordinates.

This equation works when we take into account one particle, but if we add one more particle to the system, our
result will not be accurate due to a repulsion force created by the electrons. In this case, as it was mentioned before,
we have a collection of nuclei and electrons.

Then, to perform the calculations, we have to introduce the many-body wave-function ¥, which takes into account
the position of every electron and nuclei of the system. Considering the case of N electrons and M nuclei, the new

position is going to be given by:

“P = lP(I’],rz,...VN;Rl,Rz,....,RM) (22)

With this is possible to rewrite equation 2.1 in the following way:

(K + V¥ = E,,, ¥ 2.3)
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Developing each term of this equation, we have that the kinetic energy has the contribution of the electrons and

the nucleus. Therefore it is possible to express it as:

”o, N n
K=- VoY —v 2.4
Z 2m, ! IZ‘ oM, ! 24

i=1

where m, is the mass of the electron, M; represents the mass of the I —th nucleus and v? are the Laplace operators
acting on the coordinates of electrons and nuclei, respectively.
The potential energy is given by the contribution of all the possible Coulomb interactions, which are:

* The repulsive electron-electron (e-e) Coulomb interaction, due to the charge of the electrons, which is given
by:

v _ 1 Z ez 1 (2 5)
2L Ane I -1l '

Here, e is the electron charge, € represents the permeability of free space, and |r; — r;| is the distance between
each pair of electrons. In this case, i could not be equal to j due to the Coulomb repulsion. Something
important is the % that is there to consider just one energy per electron pair.

* The Coulomb repulsion between pairs of nuclei (n-n), due to the repulsion between nuclei, is described as:

1 62 Z[Zj

Vn—n =5 T
2 =7 471'60 |R]—RJ|

(2.6)

Z;Z; represent the atomic numbers of the atoms I and J; the indices run similarly to the previous case.

* Finally, the Coulomb attraction between electrons and nuclei (e-n), generated by their opposite charges, could

be written as:

2
e Z]
Veon=—y — 2.7
Z‘ 4rey |ri — Ryl @7

If we put the equations 2.3 to 2.7 together, we obtain the many-body Schrodinger equation, which has the
following form:

N N
hz 2 hz ) 1 6‘2 1 1 6‘2 Z]ZJ 62 Z[
—E—v-E—v +-§ — = = ¥=E,P (28
Siom, T Loy 2 L dnelri -l 2 &4 dne R — Ry ;47@ |r; — Ry ot (28)

where E,,, is the total energy of the system in the quantum state specified by the many-body wave-function ¥, which

for a specific set of coordinates cannot be measured experimentally due to it is not a physical observable.

The complexity of equation 2.8 is so big that it increases exponentially with the size of the system, which leads
to unsolvable matrix operations. Therefore, many researchers have been working on different approximations to
equation 2.8 and some of their findings will be described in the next sections.
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2.2 Atomic Units

It is possible to simplify the many-body Schrodinger equation considering the following fundamental physical
constants. These constants were determined experimentally and did not depend on any particular material. '3

h = 1.05457163-107* J - s,

m, = 9.10938291 - 107! kg,

m, = 1.67262164 - 107 kg,

e =1.60217649 - 107" C

€ = 8.85418782 - 107" F/m,
ap = 0.529 A

2.9

This is the simplified many-body Schrodinger equation using Hartree units.

1 a 1 a a E
2 2 0 0 0 tot
- a += v =Y ZiZy—— - Y Zi——— ¥ = 2 (2.10)
Zz 0 ZZ(M,/ Vi 2;|r,-—rj| 2; "“IIR; = R) Z "l =Ryl E

Ha
However, it is possible to simplify it a little more using these units:

1 Ha=272114 ¢V =4.3597-107'8 J,
1 bohr = 0.529177 A = 0.529177 - 1079 m

1 a.u. of mass = 9.10938291 - 107! kg (2.11)
B = &
Ha = dregag

With these units, we can go further and simplifying equation 2.10, we obtain the many-body Schrodinger equation
in Hartree units:

v? 1 ZZ

i I 14]
_Z__ E‘ 5 E ¥ = E P 2.12
J 2 LoM, "2 |r,—rj| 2 Z4IR - R)| Ir; R,| “ (212

i=

This equation is used in first principles materials modeling and shows all the needed parameters. '

2.3 The Born-Oppenheimer Approximation

This approximation is also called adiabatic approximation and states that the total electron-nuclear wavefunction

(eq. 2.2) could be separated into a wavefunction that depends on the electron coordinates and a wavefunction that

1513

depends on the nuclear coordinates. , as follows:

‘P(rl, r, ...rN;Rl,RZ, ....,RM) = ‘Pe(rl, r, ...VN)X,,(Rl,Rz, ....,RM) (213)
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where ¥, is the wavefunction for electron coordinates and X,, is the wavefunction for nuclear coordinates. We can
assume that electrons follow the motion of the nuclei almost instantaneously because their mass is smaller than the
nuclei’s, which could be expressed by kinetic energy. The electronic states are consistently in their ground state on
the time scale of nuclear motion. '°

If we consider that Coulomb repulsion between nuclei is constant, we can define the following energy to simplify

the equation 2.8.

1 717,

2 R = R/l

E=FE;, — (2.14)

For convenience, if we consider the nuclear coordinates R; and ¥ as function of the electron coordinates ignoring
its dependence on the nuclear coordinates. We can define the Coulomb potential of the nuclei experienced by the

electrons as: 13

Z;
Va(ri) = - Z R (2.15)

With equations 2.13, 2.14 and 2.15, we have what is necessary to obtain the fundamental equation of electronic

v? 1 1
-y L+ > V(r)+ = Y =E¥Y 2.16
Z 2 Z (rd) Z;Ir,»—rjl (2.16)

2

structure theory:

2.4 Density Functional Theory

Density Functional Theory (DFT) is a quantum mechanical method that makes possible the study of many-body
systems and obtains results about some properties of materials such as relativistic effects and magnetism'”. The
most important principle is that to calculate a system’s ground state energy, we use the electron density n(r) instead
of the wave function ¥. DFT is based on the paper of P. Hohenberg and W. Kohn in 1964 '8,

The total energy of a many-electron system is given by: '3

E=<V¥Y|H|¥>= fdrl...drN W (r1, . ry) HY(r, ..., 1Y)

N v? 1 1
H = (rl,...,rN) = —ZE +ZVn(ri)+ EZ Iri_rjl
i i#]

i

(2.17)

This Hamiltonian does not depend on the particular material; therefore, if E suffers any change, it must be associated

with a change in P. It is possible to represent this property by saying that E is a functional of ¥ and mathematically,
.13

we use:

E = F[¥] (2.18)

As a brief reminder, a functional is a function that takes a function as input and gives us a number as output.
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So, if E is the lowest possible energy of the system, then E is functional of the electron density n(r): '3

E = F[n]
nry= > 16 P @19

Any quantum state’s energy is a functional of the wavefunction containing 3N variables. However, the ground-state

energy depends only on n(r), which is a function of only three variables. This reduction in variables will help greatly

reduce computational costs when performing the calculations. '

2.5 Hohenberg-Kohn theorems

Hoenberg-Kohn establish that the total energy of a many-electron system is a functional of the electron density
E = F[n]. The prof of this idea is at'3.

2.5.1 Theorem 1: Uniqueness

This theorem is based on the following premises: '3 18

* The ground-state electron density determines the external potential of the nuclei V, uniquely. n — V,,

* The external potential V,, in a quantum state determines the many electron-wave function uniquely. V, —» ¥

* The total energy E in any quantum state is functional of the wave-function ¥ — E

The total energy must be a functional of the density E = F[n] because, if we combine the premises, we obtain the

relation: n — V,, - ¥ — E that means the electron density could determine the total energy.

2.5.2 Theorem 2: Variational Principle

This theorem mention that the ground-state energy Ej can be found by using E = F[n], with the electron number

density n(r) that minimizes it'3.

2.6 Kohn-Sham theory

The Hohenberg-Kohn theorems show that when we have many electrons in their ground state, the total energy is a
functional of the electron density. However, this theorem does not explain how to build a functional.
Kohn and Sham proposed a way to solve this problem. If we use the complete expression for E, it is possible to

obtain a general expression for the functionals: '3

E=Fln] = f dr n(r)V,(r) - Z f dr¢(r) g+ f f dr d'”(:)_”frl) Ellnl  (2.20)
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This equation shows the functional as the sum of known contributions, where the first term represents the external
potential, the second term is the kinetic energy, the third term is the Hartree energy, and the final term E.[n] is the
exchange and correlation energy. If we know the value of E,.[n], it is possible to calculate the total energy of the
system in its ground state E = F[n] using the electron density. !> However, it is necessary to determine the electron

density no; in this sense, we apply Hohenberg-Kohn variational principle, which has the following form:

o0F[n]

—— 1, =0 2.21
o lng (2.21)

This equation states that the functional derivative must be zero, which leads to the construct of the density using an

equation for the wavefunctions ¢;(r). If we apply the Hohenberg-Kohn variational principle, we have: '3

%v%wm+wm+mm¢whawm

222
0E [n] 222

on

ch(r) = |n(r)

where V, represents the external nuclear potential, Vj; is the Hartree potential, — v? /2 is the kinetic energy, and
V., is the exchange and correlation potential. With equations 2.19, we can say that there must be a functional E,,
that could give us the exact ground state energy. However, we still do not know what this functional is; that is why
it is necessary to use some approximations to E,.. The exchange and correlation functional for the energy can be

expressed as: '

&m=ffmm%wm (223)

where &,.[n(r)] is the exchange and correlation energy per particle at the point r, but dependent on the whole electron
density n(r).

2.7 Exchange-correlation functionals

Over many years, many proposals have been developed to find the functional E,.. In the efforts to find an accurate
functional that satisfies most materials systems modeling, there are many non-empirical and semi-empirical density
functionals, each with different levels of prediction, sophistication, accuracy, and computational resource costs. 20

The simplest proposal is the Local Spin Density Approximation (LSDA), which is used to perform basic
calculations of bulk and surface structures. However, it is highly inaccurate for molecular properties. ' 10

Another proposal is the General Gradient Approximation (GGA), an improved version of LSDA. This func-
tional achieves a chemical accuracy for various chemical reactions. However, this functional does not describe van
der Waals forces and underestimates the band gaps. '¢2!

The meta-GGA is considered a semi-local functional that can identify the different chemical bonds.?! One
functional that belongs to this group is the Strongly Constrained and Appropriately Normed Semi-local (SCAN)
density functional, which has the characteristic that is fully constrained, obeying the 17 known constraints that a

semi-local functional can fulfill. This functional can predict geometries and energies of many bonded materials, and
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its results have more accuracy than the GGAs. However, it cannot describe the properties in a system with non-local
interactions because it is a semi-local functional. 2?23
This thesis was developed using SCAN functional for all the calculations.

2.8 Vienna ab initio Simulation Package (VASP)

2.8.1 Periodic systems and plane waves

The Kohn-Sham equations have a way of being solved by representing the wavefunctions as Fourier series. This
approximation can be used when we have periodic boundary conditions. 13
We must expand the electron wavefunctions, for which we need to define the primitive vectors of the reciprocal

lattice, as: '3

2 2 2
by = _ﬂum by = _ﬂuv, bz = _n”z (2.24)
a a - a
and the reciprocal lattice vectors (G) as:
G = m1b1 + M2b2 + I’H3b3 (225)

where m |, m,, and ms are integers. '3 The complex exponents satisfy the periodic boundary conditions for solids
that are established:

$i(x+a,y,2) = ¢i(x,y,2) (2.26)
the complex exponents are defined as:
exp(iG - r) 2.27)
Let us consider the following example:
expl(iG - (r + au,)] = exp(iG - r)exp(iG - auy,) = exp(iG - r)exp(i2nm;) = exp(iG - r) (2.28)

The functions defined by the complex exponents are the plane waves because they can be part of a propagating

wave. These waves also satisfy the periodic boundary conditions of a computational cell, and thanks to this, it is

possible to write the Kohn-Sham wavefunctions as a linear combination: '3

$i(r) = Y e GlexpliG - 1) (2.29)

G

the sum runs over all the G vectors. The plane wave coefficients ¢;(G) has arelation with the original wavefunctions

by a factor of exp(-iG’ - r). The equation 2.30 is possible to be write as: '*

fexp(—iG’ - r)gi(r)dr = Z ci(G) fexp(—iG’ - Pexp(iG - rdr = a*ci(G") (2.30)

G
These relationships are known as the plane-wave representation of the Kohn-Sham wavefunctions.
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2.8.2 Cut-off energy E.,,

The Fourier series of the equation 2.30 is infinite, but the basis set is defined by the set of G vectors that can be
truncated. The G-vector defines the level of detail of the description of the computational cell. The kinetic energy
cutoff E,,, defines the plane waves that form the basis set. '

| Gmax |2
2
The truncation induces errors in the computed properties. However, it can be reduced by improving the

E.. =

2.31)

E,; for the desired accuracy. An important fact is that the all-electron wave-function of a system has an extensive
oscillatory behaviour close to the nuclei.?* Therefore, a significant kinetic energy cut-off means a high computational
cost. Therefore, we use the pseudo-potential approximation where we consider the separation of core and valence
electrons.

In DFT, this parameter is the first step to performing any calculation, so we must start determining the cut-off
energy for the system of interest. The calculation of this parameter gives us values of the total energy of the system
E and its cut-off energy E,,,. If we graph these results, we realize that from a certain range of energies, the energy E

converges. The convergence range must be determined where the energy must vary by less than 1 meV/atom. > 26

2.8.3 K-points Sampling

At DFT, we will need to evaluate integrals in the reciprocal space, and this can be solved over a grid of k-points. So,

let us consider the following electronic density: %’

occ

n(r) =23 1 gu(r) I (2.32)
nk

where the summation is performed at the lowest occupied (occ) states nk described by the Kohn-Sham orbitals
k(7).

The density n(r) could be represented for a set of k points, known as k-point sampling. This set is chosen
considering the unit cell size and the system point symmetry. If we have a big unit in the cell, the set of k points
needed is smaller; in the reciprocal space, the Brillouin zone becomes smaller when the unit cell is bigger.

It is possible to obtain more accuracy if we consider more k-points to sample the Brillouin zone?®. However,
the complexity scales linearly with the number of k-points when we want to perform an approximation. That is why
we need to find a method that allows us to choose the proper set of k points with a reasonable computational cost to
perform the calculus.

In VASP, we have several methods: the Monkhorst-Pack, Rk length, or the generalized regular grids.* Though,
the most used method is the Monkhorst-Pack (MP) method?®, which is based on: “a regular grid of k-points is
generated, and the Brillouin zone integral of a function is approximated by calculating the average value of the

function over the k-points.”?8
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2.8.4 Pseudopotentials

Modeling all electrons calculations requires an extremely high plane-wave cut-off to represent the highly oscillatory
states of core electrons. Therefore, we introduce pseudopotentials to reduce the number of plane-waves needed. **

Pseudopotentials reproduce the behavior of the full nuclear potential and core electrons for the outer electrons
using a new potential.?*30

The base idea is that electrons that are very near to the nucleus (core electrons) and those which are far apart
from the nucleus (valence electrons) determine some of the chemical and physical properties of our structure. Core
electrons will have a considerable influence on the Coulomb potential of the nucleus due to they are tightly bonded to
the nucleus, and we can approximate the core electrons by pseudopotentials.®' Valence electrons will feel a weaker
Coulomb potential from the nucleus; that is why the core electrons partially screen them, and therefore their wave
functions are diffuse.?’

In DFT simulations, pseudopotentials can be classified according to the minimum cutoff energy used in the
calculations. Pseudopotentials that require high cutoff energy are known as hard, and those that require lower cutoff
energy are called soft?*.

The criteria to choose the pseudopotentials is given by the character of the bonding between the ions in the
system and how well it reproduces the results of accurate all-electron calculations. 3> One problem of pseudopotential
calculations are that it needs non-linear core corrections since of the non-linearity of the exchange interaction between

core and valence electrons 3. This problem could be eliminated using the projector-augmented wave (PAW) method.

2.8.5 The Projector Augmented-Wave (PAW) Method

The Projector Augmented Wave (PAW) method was proposed by Blochl®*

and is based on the idea of partitioning
the wave functions of all electrons instead of considering only the valence electrons, giving access to the full-wave
function information.3° This method approximates the accuracy of the full potential linearized method. Augmented
plane wave method (FLAPW).3? To describe this method, we use the valence wavefunctions wﬁf formed by a linear

transformation of pseudo wavefunctions: 32

[ >=luls >+ > (100 > =190 >) < pl* [yl > (2.33)

we can rewrite the pseudopotentials in the following way:
|k >=1 i > + > (18> = 1 6 >) < i | e > (2.34)
where n is the band index, ¢; are solutions of the spherical scalar-relativistic Schrodinger equation for a non-

spinpolarized atom, and the pseudo-orbitals i/, are variational quantities expanded by VASP as plane waves with
the following form:

; 3 1 .
) =<1 | >= = > cuge' @ (2.35)
G
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This method was implemented in DFT code with a adaptation?



Chapter 3

Methodology

This thesis was performed using plane-wave Viena ab initio Simulation Package (VASP), where the projector
augmented wave method (PAW) was used to describe the core electrons. The potential for the cesium atom has
the following electron configuration [Kr, 4d1°]5325p66s1, gold is described as [Kr, 4f14,4dlo]5s25p66515d10 and
chlorine is [Ne]3s?3p°.

We use the slab model in our calculations, where we consider a certain number of surface layers inside a slab
with a determined vacuum space to avoid artificial interactions. Also, the thickness of the slab should be enough so
that the internal surface layers simulate the bulk of the crystal. All the calculations in this thesis were made using
a slab model fixing the atoms of the bottom layer. The remaining atoms can relax to create a continuous transition
from the surface to the bulk region in the slab.?’.

3.1 VASP working principle

In this section, there is a short description of the input and output files that are used in VASP to perform DFT
calculations. Some examples of the input and output files used in the calculations can be seen in Appendix A.

3.1.1 VASP inputs

These files describe the parameters that must be considered when making the calculations. To perform any calculation,
we need four files: INCAR, POSCAR, POTCAR and KPOINTS

INCAR

This file contains information on what calculations to perform and how to do them. This file contains a series of
parameters represented by labels and capital letters. !

13
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POTCAR

It contains the pseudopotentials and specific information of each species we use to perform the calculations. When
we have more than one type of atom, we have to concatenate POTCAR files in the atomic order described in the
POSCAR and INCAR files. Only VASP could create, provide or modify this type of file.?

KPOINTS

Contains the Bloch vectors (k-points) that will be used to sample the Brillouin zone in the calculation.?

POSCAR

Contains the atomic structure and the lattice parameters used to describe the structure?

3.1.2 VASP outputs

As VASP performs calculations and generates files where certain information is saved, the most important files are:

CONTCAR

Contains the new atomic structure after the calculations; it has a similar structure as POSCAR. 3¢

OUTCAR

This file has detailed information about the performed calculations, such as forces on the atoms, local charges and
magnetic moments, local charges, magnetic moments, dielectric properties®’

DOSCAR

DOSCAR file has the total density of states, the partial density of states and Fermi energy level*

OSZICAR

It has information that summarises the results, such as convergence speed and the current step.>

WAVECAR

It is a binary file that contains the wave functions used in the calculations®
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3.2 Scanning Tunneling Microscopy STM

Scanning Tunneling Microscopy is one of the most important tools when studying atomic scales because it allows
us to obtain ultra-high resolution images. It provides accurate atomic-scale manipulation and the analysis of many
physical properties, such as roughness and surface defect, between others.>

STM uses quantum tunneling, which establishes a wave function that can propagate through a potential barrier.
The STM’s working principle is that a voltage is applied between the tip of our equipment and a sample, separated
by a certain vacuum distance that allows us to generate a tunnel effect current. The separation distance between the
sample and the tip is very important because if the distance is not adequate, it can lead us to obtain erroneous results.
The tip should be at around less than 0.1 A from the sample.*’ The tunneling effect can be described as:*!

I e—2s/h\/2mw (31)

where m is the mass of the electron, s is the width of the barrier, and ¢ is the height of the barrier.

We perform a Tersoff-Hamann approximation using bSKAN*? and the output files obtained from VASP calcu-
lations to compute the simulated constant current mode STM images in order to study the topography of our atomic
structures. In these calculations, we have to specify the bias voltage values; these values are chosen based on the
electronic structure of the selected surface using the PDOS. After calculating, we interpolate the outcome in a 3D
contour plot figure. This figure is the computed STM image.

3.3 Tersoff-Hamann approximation

STM uses a current operator that is given by: '3

1
M;; = 3 de Wi Vs = s VT, (3.2)

where 7; and g ; are the single-particle wave functions of electrons in the tip and the sample. If we use the
Tersoff-Hamann approximation, that is, considering a spherical tip; the matrix element M;; becomes proportional to

13

the magnitude of the sample’s wave function at the center of a sphere rr >, so we have:

M;; = C s j(rr) (3.3)

where ry is the sphere’s center, and C is a constant. We can reproduce STM images using the Kohn-Sham
eigenstates ¢; and its eigenvalues &; in the following way: '

Ys.j(r) = ¢;(r) (34
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3.4 Ultraviolet Photoelectron Spectroscopy UPS

UPS is based on the idea that photons have energy #v. When it impinges on the surface, it produces photoelectrons
that emerge from the surface with an energy spectrum that contains the peaks of all the binding energies.*?

UPS is a surface-sensitive technique, and we use it to obtain information on the surface layer of the material.
To compute UPS simulated images, we use the density of states (DOS), the Inelastic Mean Free Path (IMFP) and
the energy level cross-sections of the studied material that was taken from tabulated data for each atomic orbital at
photoexcitation energy from Yeh and Lindau**

In order to calculate a simulated UPS spectrum, it is necessary to consider the depth of surface sensitivity to
which the incident photon can penetrate the surface sample. This parameter is associated with the Inelastic Mean
Free Path (IMFP).*> To calculate the inelastic mean free path for the Cs,Au,Clg surface, we use NIST Electron

46

Inelastic-Mean-Free-Path Database software™®. After the calculation, we fit the energy and the data from NIST,

obtaining Fig. 3.1.

50 100 200
Energy (eV)

Figure 3.1: Inelastic mean Free Path for Cs;Au,Clg

We used photons with energy of 115 eV we have could penetrate until ~ 4.7 A that correspond to the surface
layer and the information that we are going to obtain is from this layer.

In the results section, you will find UPS simulated images and a brief description of the position of each peak
and the element contribution.

3.5 Point Defects in Solids

A point defect in a material is any defect that involves only a single particle or a small set of points. It occurs when
an atom is missing from the usual crystalline array and makes a void in the middle of the crystal, called a vacancy. A
defect could be produced when we apply external stress to a crystal. Point defects affect materials’ physical properties
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and, therefore, in the application that will be given to them, being the best known in electronic and optoelectronic
devices.*” Experimental defect identification is typically difficult and indirect, requiring an ingenious combination
of different techniques; one of these techniques is the theoretical modelling of point defects to predict them. This
prediction could be made with a DFT approach by the electronic-structure calculations using pseudopotentials or

projector augmented wave potentials. This method is most commonly used for first principles defect calculations.*3
The formation energy of a point defect in solids is defined as: #8430
Ef[Xq] = Etor[Xq] - Etot[bulk] - Z niu; + qEF + Ecorr (35)

i

where E,;,[X?] is the total energy of the supercell containing the defect X, E,,,[bulk] is the total energy for the
supercell without defects. The integer n; indicates the number of atoms that have been added(n; > 0) or removed
(n; < 0) to create the defect, the y; is the corresponding chemical potentials of chlorine that is the specie that we
are removing to create the vacancies. In this thesis, we are considering that we are working with neutral defects; in
other words, g = 0 and therefore, the term gE/ is 0. Finally, the term E,,,, represents the correlation energy; it is a
correction term that accounts for finite k-point sampling in the case of shallow impurities*®, but in the calculations,
we do not consider impurities, which is why we neglect this term.

In the results section, you will find the Table 4.2 and Table 4.4 with the results of the formation energy of each
of the proposed vacancies.






Chapter 4

Results & Discussion

4.1 Bulk metal halide double perovskite Cs,Au,Clg

In this section, there is a description of the DFT simulations of the perovskite CsyAu,Clg. Its crystal has an fcc

structure, as it is shown in its atomic structure at Fig. 4.1

Figure 4.1: Simulated crystal structure of Cs,Au,Clg perovskite. In this figure, the yellow, green and violet spheres
represent the Au, Cl and Cs atoms, respectively. Two gold atoms are not equivalent, the atom identified as Au(1) has
a +1 oxidation state, and the atom identified as Au(2) has a +3 oxidation state. The atoms are identified according to

the positions presented in Table 4.1. The black line represents the unit cell.

19
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The system’s calculations start with the convergence of the cut-off Energy and the K-points, as is seen in the Fig
4.2 and Fig 4.3.
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Figure 4.2:  Cut-off energy for bulk Cs;Au,Clg. The energies start to converge at 650 eV, according to the <
ImeV/atom criteria.

It was chosen cut-off energy of 650 eV to perform our calculations.
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Figure 4.3: k-points mesh convergence for bulk Cs; Au,Clg. The energies begin to converge at 0.035 2rA ~ according
to the < ImeV/atom criteria. However, it is possible to use upper k points to get more accurate results.

It was chosen A k = 0.04 27A~" of separation length that correspond to the 4 X 4 X 5 k-points. After this
calculations, we fit the Cs;Au,Clg data to the Birch-Murnaghan equation of state as displayed in Fig. 4.4.
The Birch-Murnaghan equation of state (EOS) used was: "'
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Figure 4.4: SCAN computed equation of state for Cs;Au,Clg. The blue line represents the Birch-Murnaghan
equation of state fit, and the red dots represent the computed energies’ value.

3
E(V) = Ey + B+

9V()B()
16

() e o))

where V is the cell volume, E| is the ground state energy, Vj is the ground state volume, B is the bulk modulus and

By is the bulk modulus pressure derivative.

In this plot, the optimal or equilibrium volume of Cs;Au,Clg perovskite corresponds to the lowest total energy
volume. This value and other computed crystallographic parameters are listed in table 4.1. Furthermore, some
experimental values® are presented in the same table.

Considering the structure of Fig. 4.1, we computed the Partial Density of States (PDOS) of Cs; Au,Clg bulk.

30 .
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Figure 4.5: SCAN computed PDOS of bulk Cs;Au,Clg perovskite. The vertical black line represents the Fermi
level shifted to O eV. The green, yellow and violet represent respectively the chlorine, gold and cesium contribution.
The overlapping result in different shades of purple or yellow represents the contribution of more than one atomic

species.
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Table 4.1: SCAN computed crystallographic parameters for Cs; Au,Clg perovskite in comparison with experimental
data. The parameters presented are: lattice parameters (a,b,c), lattice angles (a, 8, ¥), optimal volume, bulk modulus

(By) and the fractional sites (u,v,w)
Property Calculated (SCAN) Experiment

Space Group I4/mmm I4/mmm
a=bA) 7.44 75
c(A) 10.90 10.88
a=B=y() 90 90
Volume (A% 604.49 612.28
By (GPa) 16.32 15.0
Fractional sites u Y% w
Au(l) 0.00 0.00 0.00
Au(2) 0.00 0.00 0.50
CI(1) 0.72 0.72 0.00
Cl(2) 0.00 0.00 0.21
Cs(1) 0.00 0.50 0.25

The valence band within the energy range -5.60 eV to -5.30 eV approximately is mainly composed of the
contribution of Au-d states, a mixture of Cl-s and Cl-d states and a tiny contribution of Cs-p; this band shows a peak
at -5.50 eV.

The band ranging from -4.64 eV to -3.30 eV is composed of Au-d and Cl-p states and has two peaks around 4.43
eV and 3.81 eV. Then there is a band from -2.84 eV to near the Fermi level formed principally by Au-d and Cl-p
states, and has 4 main peaks located at -2.74 eV, -2,14 eV, -1,44 eV and -0,89 eV. The conduction band appears to
range from 1.05 eV to 1.90 eV with contributions Au-d, Cl-p and a peak at 1.45 eV.

As it is possible to see in Fig 4.5 the biggest contribution of cesium is located at the conduction bang ranging
from 5.90 eV to 7.46 eV and corresponds to the Cs-s and Cs-d states. The orbital contributions of the PDOS can be
found in Appendix C.

4.2 The Cs,Au,Clg (001) surface

This section presents the study of the perovskite Cs, Au,Clg surface, using slabs with four layers of thickness.

The criteria used to select the optimum thickness is that the slab must be thick enough so that the surface electrons
do not feel the interaction of the electrons from the lower layers. For this reason, calculations were made varying the
thickness of the slab until a specific thickness was found. In our case, from four layers, the criteria are already met.
However, the electronic structure of the system with four and six layers was also analyzed and compared. The result
of the PDOS of the surface layer of each of the systems indicates that there is not a very big difference, so four layers
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are more than enough to work on the analysis of our material. The PDOS of the four-layer structure is shown in Fig
4.6, and the six-layer structure with its PDOS can be found in Appendix B.

There are two possible arrangements for the surface of our material; it could be finished in gold and chlorine,
which will be surface type A, and another finish in cesium and chlorine, which will be called surface type B.

4.3 Four layers thickness surface A (14a)

The structure was prepared using a thickness of four layers with gold and chlorine atoms at the top, a vacuum of
15 A, the position of the bottom layer was fixed, and the remaining positions were allowed to relax. It was used an
energy cut of 650 eV. and 0.035 27A7" of separation length, which correspond to the 4 X 4 X 1 k-points and the input
files described in the methodology section. The atomic structure used was the following:
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Figure 4.6: Atomic structure and SCAN computed PDOS for outermost layers of Cs;Au,Clg surface A (14a). a) Side
view of the atomic structure with four layers, L1 is the surface layer, and L4 is the last layer. It is important to notice
that one layer is composed as shown. b) Top view of the surface layer. The black line represents the unit cell. c)
PDOS of the outermost layers. The Fermi level is shifted to 0 eV and is represented by the vertical black line. The
red lines (1 and 2) represent the range of integrated energies to obtain the STM images.
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The PDOS shows that the surface has insulator behaviour; layer one (L1) presents a valence band with contribu-
tions of gold and chlorine, which mainly correspond to Au-d, Cl-p states and in a short amount cesium contribution
belongs to Cs-p states. Meanwhile, the conduction band has the gold, chlorine and cesium contributions with the
Au-s, Au-d, Cl-p and Cs-d states. The orbital contributions are in Appendix C.

4.3.1 Simulated constant current (STM) images for Cs,Au,Cl¢ (14a)

The Tersoff-Hamann approximation was used to compute STM images using a range of energies between -2.34 eV
to 2 eV, as shown in Fig. 4.6 part c. STM images are presented in Fig. 4.7 using a negative Vj;,, of -1.10 V and a
positive Vp,,s of 1.0 V. Furthermore, it is presented the relative height for each case.

Vbias =-1.10V Vbias = 1.0V

(4
< 08 < 125
Sl 06 =
£ £10.75
204 2j050
§ 02 ;Eg 0.25

0 0

a

side view

side view Y

¢

Figure 4.7: Computed STM images, line scan and relative height for Cs; Au,Clg(l4a) surface These images were
computed for a supercell of 2 X 2 x 1, where Vj;,s = -1.10 V.(left) and Vs = 1.0 V. (right) correspond to occupied
states and in both images is superimposed the top view of the atomic structure of the surface. The red box represents
the unit cell, and at the bottom, there is a side view of the atomic structure of the surface. On the sides of the images

it is presented in relative height, which was calculated in the diagonal direction

The topography for both voltages is similar; in the atomic reconstruction of the surface, the brightest spots
represent the position of the superficial atoms. In both cases, it is possible to notice that correspond to gold atoms
due to their orbits in the z-direction protrude into the vacuum resulting in the bright spots in the STM image, and the
darker spots correspond to the atoms below the surface; such as cesium that is located at the sub surface and does
not have a strong contribution as it is possible to check at Fig.4.6 In the case of chlorine, its atoms are located at the
surface. However, the STM images are not visible.
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4.3.2 Simulated Ultraviolet Photoelectron Spectroscopy (UPS)

In order to compute the UPS spectrum for Cs,Au,Clg (14a) surface, we used 115 eV photons which correspond
to photoelectrons generated within approximately 4.7 A of the outermost surface layers, in other words, the first
outermost atomic layer.

Fig 4.8 is the computed spectra with the main peak around -1.7 €V, which is mainly composed of chlorine and
gold, being the Cl contribution the highest. There is another peak at approximately -3.91 eV, composed of gold and
chlorine, but this time there is more contribution of gold. Furthermore, there is a shoulder at -5.75 eV and the last
peak at -7.12 eV with a full contribution of cesium.
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Figure 4.8: Computed UPS spectrum for Cs,Au,Clg (14a) surface using 115 eV photons. The strongest contribution
is from the gold and chlorine atoms, which form the largest peak. The Fermi level is shifted to 0 eV and is represented
by the vertical black line.

4.3.3 Work Function (¢) and Ionization potential

To calculate the work function, we perform a DFT calculation of the total local potential of a structure in the
z-direction. For this, we used the tag LVTOT and obtained an output file called LOCPOT. We use the script called
MacroDensity>? developed by WMD-group to analyse the potential grid of the LOCPOT file. Finally, we plotted
the total local potential averaged on the xy plane along the z-direction; the plateau of the plot indicates the location
of the vacuum level above the surface.

The work function (¢) for Cs;Au,Clg (14a) was computed subtracting the value of the Fermi level E that is
shown with the red horizontal line and the value of the first plateau of the potential in the z-direction that is is
represented by the blue line. The work function had a value of 6.13 €V and is represented in the following figure
with a black line, as shown in Fig. 4.9.

To calculate the ionization potential, we use the formula®?:
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Figure 4.9: SCAN computed work function for Cs,Au,Clg surface A (14a). The blue line represents the average
potential in the z-direction, and the horizontal red dotted line is the Fermi level Er

IP =D, — Eppp 4.2)

where Dy is the surface dipole and E,;,, is the Fermi energy at the pristine structure. To get the surface dipole
D;, we compute the difference between the potential (green line) of each plateau represented with black arrows as
displayed in Fig. 4.10.
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Figure 4.10: Work Function and the potential inside the material for Cs, Au,Clg
Using this we have Dy = 4.88 — (=2.32) = 7.2 €V and with this the ionization potential is /P = 7.2 — 0.76 = 6.6
eVv.
4.4 Four layers thickness surface B (14b)

The structure was built with a thickness of 4 layers. However, this time we made a surface of cesium and chlorine, a
vacuum of 15 A, fixing the position of the bottom layer and allowing for relaxing the remaining ones.
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As, in the previous case it was used an energy cut of 650 eV and 0.035 2R of separation length, which
corresponds to the 4 X 4 X 1 k-points and the corresponding input files. The atomic structure used has the following
form:
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Figure 4.11: Atomic structure and SCAN computed PDOS for outermost layers of Cs,Au,Clg surface B (14b). a)
Side view of the atomic structure with four layers, L1 is the surface layer, and L4 is the last layer. It is important to
notice that one layer is composed as shown. b) Top view of the surface layer. The black line represents the unit cell.
¢) PDOS of the outermost layers. The Fermi level is shifted to 0 €V and is represented by the vertical black line. The

red lines (1 and 2) represent the range of integrated energies to obtain the STM images.
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The PDOS shows that the surface has metallic behaviour; layer one (L 1) presents a valence band with contributions
of gold and chlorine, which mainly correspond to Au-d, Cl-p states and in a short amount cesium contribution to
Cs-p states. Meanwhile, the conduction band has the gold, chlorine and cesium contributions with the Au-s, Au-d,
Cl-p, Cs-s and Cs-d states. In the deeper layers (L.3), the gap band opens, with which, at a certain depth, the material
becomes an insulator, as it is possible to see in Fig 4.11 ¢). As in the previous case, the orbital contributions are in
appendix C.

4.4.1 Simulated constant current (STM) images for Cs,Au,Cl¢ (14b)

In order to compute the STM images, a range of energies was used between -1.20 eV to 1.80 €V, as shown in Fig
4.11 part c. STM images are presented in Fig. 4.12 using a negative V;,, of -0.85 V. and a positive Vj;,, of 1.80 V.
Furthermore, it is presented the relative height for each case.
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Figure 4.12: Computed STM images, line scan and relative height for Cs; Au,Clg(l4a) surface (14b). These images
were computed for a supercell of 2 X 2 x 1, where Vj,;,; =-0.85 V (left) correspond to an occupied state and the Vi,
= 1.80 V (right) is at an unoccupied state. In both images is superimposed the top view of the atomic structure of
the surface. The red box represents the unit cell, and at the bottom, there is a side view of the atomic structure of the
surface. On the sides of the images it is presented in relative height,which was calculated in the diagonal direction.

In the case of Vj;,s = -0.85 V (left), the brightest spots represent the position of the superficial atoms and, in this
case, correspond to the chlorine atoms, cesium atoms do not have a strong contribution as it is possible to check at
Fig.4.11 part c). It is impossible to see the gold atoms because they are at the subsurface and covered by the surface
chlorine atoms. On the other hand, with a V;,; = 1.80 V (right), the brightest spots represent the chlorine atoms,
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and the darkest spots are the cesium atoms. Like the previous case, it is impossible to see the gold atoms because

they are at the subsurface and covered by the surface chlorine atoms.

4.4.2 Simulated Ultraviolet Photoelectron Spectroscopy (UPS)

It was used 115 eV photons to simulated UPS spectrum for Cs,Au,Clg surface B (14b) which correspond to
photoelectrons generated within approximately 4.7 A of the outermost surface layers, in other words, the first
outermost atomic layer.

Fig. 4.13 is the computed spectra with the main peak around -1.66 eV, mainly composed of chlorine and gold.
There are two peaks around -4.03 eV and -5.70 eV, respectively, which are also composed of gold and chlorine, but
the gold contribution is the highest. Furthermore, the last peak is located at -7.28 eV and has a full contribution of
cesium.
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Figure 4.13: Computed UPS spectrum for Cs; Au,Clg (14b) surface using 115 eV photons. The strongest contribution
is from the gold and chlorine atoms. The Fermi level is shifted to 0 €V and is represented by the vertical black line.

4.4.3 Work Function (¢)

The work function (¢) for the case of CsyAu,Clg (14b), is 5.58 eV and is represented with a black line at Fig. 4.14.
This result was obtained by subtracting the value of the Fermi level Er shown with the red horizontal line and the
value of the first plateau of the potential in the z-direction by the blue line.
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Figure 4.14: SCAN computed work function for Cs; Au,Clg surface B (14b). The blue line represents the average

potential in the z-direction, and the horizontal red dotted line is the Fermi level Er

4.5 Chlorine Vacancies for Cs,Au,Cl¢ surface A

In this section, the study of the behaviour of Cs; Au,Clg surface A with four layers changes when it is removed chlorine
atoms from its structure is presented. It was chosen chlorine because it is the smaller atom, and it would need less
energy to remove if we compare it with gold and cesium atoms. These vacancies can produce that the structure
ends up with an odd number of atoms, and it is possible to suffer magnetization. So, we perform spin-polarized

calculations to determine the magnetization of the structure.
To start the calculations, the unit cell was redefined through a linear combination of the lattice parameters.So,

the new lattice parameters are: a’ =a+b,b’ = —a+ b and ¢’ = c.

4.5.1 Surface A with one chlorine vacancy (14a-clv)

The structure was prepared with a thickness of 4 layers, with gold and chlorine atoms at the top. This time, one
chlorine atom was removed from the surface; as the chlorine atoms in this arrangement are equivalents, we chose
the atom randomly. The vacuum used was 15 A, and the position of the bottom layer was fixed, allowing for the
relaxing of the remaining atoms. It was used cut off energy of 650 eV. and 0.035 27A7" of separation length, which
correspond to the 3 X 3 X 1 k-points. The surface structure is displayed in Fig. 4.15.

Removing a chlorine atom produced a readjustment of the structure, which led to the position and bonds of the
atoms changing. This change can be seen in Fig. 4.15 a), wherein the side view, it can be seen that a chlorine atom(2)
protrudes from the surface and a gold atom (1) is bottom right of its original position. This change can also be seen
in Fig. 4.15 b) where is a top view of the surface layer, where the most important things are that the central gold
atom (1) moves to the right of its original position; this moves the chlorine atom (2), which is the one that protrudes
from the surface. In addition, it can be seen that several atoms that were present at the beginning are now no longer
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visible. Therefore, losing a chlorine atom modifies the atomic structure notably.
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Figure 4.15: SCAN computed atomic and electronic structure for outermost layers of Cs;Au,Clg with four layers of
thickness and one chlorine vacancy (14a-clv). a) Side view of the atomic structure after relaxation, L1 is the surface
layer, and L4 is the last layer. b) Top view of the surface. The black line represents the unit cell. ¢) PDOS of the
outermost layers. The Fermi level is shifted to 0 eV and is represented by the vertical black line.
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The PDOS shows that the surface has metallic behaviour, which continues to layer 3 (L3), where a band gap
opens; this is different from the pristine 14a case where the surface and deeper layers were insulators.

The outermost layer presents a valence band with contributions of gold and chlorine, which mainly correspond
to Au-d, Cl-p states and in a short amount cesium contribution that belongs to Cs-p states, as the pristine case
Fig. 4.6 but this time in a larger contribution. Meanwhile, the conduction band has the gold, chlorine and cesium
contributions that have the Au-s, Au-d, Cl-p and Cs-d states. As in the previous case, the orbital contributions are in

appendix C.

Spin-polarized calculations

The system with four layers should have 80 atoms. However, since we removed one chlorine atom to create the
vacancy, it has 79 atoms, so to check if it has magnetic properties, a spin-polarized calculation was performed, and
the Fig.4.16 shows the obtained results.
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Figure 4.16: SCAN computed spin-polarized PDOS of the surface layer for Cs,Au,Clg surface A with one chlorine
vacancy (l4a-clv). The Fermi level is shifted to 0 eV and is represented by the vertical black line.

It was found that this structure has a magnetization of 1.01 ug, that correspond to the gold atoms. The contribution
of gold is mainly given by Au-f and Au-d states, chlorine contribution is given by Cl-p and CI-d states, and cesium
is represented by Cs-d and Cs-f states.

Simulated Ultraviolet Photoelectron Spectroscopy (UPS)

It was used 115 eV photons to compute UPS spectra for Cs, Au,Clg surface A with one chlorine vacancy (14a-clv),
which correspond to photoelectrons generated at the first outermost atomic layer.
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Figure 4.17: Computed UPS spectrum for Cs; Au,Clg surface A with one chlorine vacancy (14a-clv). The strongest
contribution is from the chlorine atoms. The Fermi level is shifted to O eV and is represented by the vertical black
line.

Fig. 4.17 is the computed spectra with the main peak around -14.80 eV, mainly composed of chlorine and a
short contribution of gold. There is a peak at -1.42 eV and other at -7.20 eV, the first one is composed of gold and
chlorine, and a full contribution of cesium represents the second.

4.5.2 Surface A with two chlorine vacancies (14a-2clv)

The structure was prepared with a thickness of 4 layers, with gold and chlorine atoms at the top and removing two
chlorine atoms from the surface.

The vacuum used was 15 A, the position of the bottom layer was fixed, allowing to relax remaining atoms. It
was used cut off energy of 650 eV and 0.035 27A7" of separation length, which correspond to the 3 x 3 X 1 k-points.
For this case, spin-polarized calculations were not performed because when the two chlorine atoms are removed, the
structure has 78 atoms, which is an even number. Instead, it is presented with STM images of the first layer where
there is a band gap. Fig. 4.18 shows the atomic structure with the vacancies.

Removing two chlorine atoms produced a readjustment of the structure, which led to the position and bonds of
the atoms changing. This change can be seen in Fig. 4.18 a), wherein the side view, it can be seen that a gold atom(1)
moves down its original position. Fig. 4.18 b) shows that the top view of the surface has changed; the central gold
atom(1) moves to the right of its original position; several of the chlorine and gold atoms that were present at the
beginning are now no longer visible.

The PDOS shows that the surface has insulator behaviour, which is similar to the case of our pristine case.
However, in layers 2(L2) and 3(L3), the band gap tends to close in the valence band. The surface layer presents a
valence band with contributions mainly from gold and chlorine, which correspond to Au-d, Cl-p states and a short
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Figure 4.18: SCAN computed atomic and electronic structure for outermost layers of Cs, Au,Clg with four layers
of thickness and two chlorine vacancies (14a-2clv). a) Side view of the atomic structure after relaxation, L1 is the
surface layer, and L4 is the last layer. b) Top view of the surface. The black line represents the unit cell. ¢) PDOS of
the outermost layers. The Fermi level is shifted to O eV and is represented by the vertical black line. The red lines
(1 and 2) represent the range of integrated energies to obtain the STM images.

contribution of Cs-p states, as the pristine case Fig. 4.6. Meanwhile, the conduction band has the gold, chlorine and
cesium contributions that have the Au-s, Au-p, Au-d, Cl-p, Cs-s and Cs-d states. See appendix C to find more details
on the contribution of each of the atomic orbitals in the PDOS.
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Simulated constant current (STM) images for Cs;Au,Clg (14a-2clv)

The range of energies used to compute the STM images was -1.0 eV to 2.40 eV, as shown in Figure 4.18 part c.
STM images presented in Fig. 4.19 were computed using a negative Vp,;,s of -0.35 V. and a positive Vj;, of 2.4 V.
Furthermore, it is presented the line scan and relative height for each case.

Vbias = -0.35V Vbias = 2.4V
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Figure 4.19: Computed STM images, line scan and relative height for Cs;Au,Clg (14a-2clv). These images were
computed for a supercell of 2 X 2 x 1, where Vs = -0.35 V. (left) correspond to an occupied state and the Vp,,s =
2.4 V. (right) is at an unoccupied state. In both images is superimposed the top view of the atomic structure of the
surface. The red box represents the unit cell, and at the bottom, there is a side view of the atomic structure of the
surface. On the sides of the images it is presented in relative height, which was calculated in the diagonal direction.

The bright spots represent the position of superficial atoms and, in this case, correspond to the gold atoms due
to their orbits in the z-direction protruding into the vacuum resulting in the bright spots in the STM image. The
darker spots correspond to the atoms below the surface or do not have a strong contribution, such as cesium at the
sub surface and do not have a strong contribution as it is possible to check at Fig. 4.18. In the case of chlorine, its
atoms are located at the surface. However, the STM image is not visible.

Simulated Ultraviolet Photoelectron Spectroscopy (UPS)

In order to compute the UPS spectra, it was used 115 eV photons for CsyAu,Clg surface A with two chlorine
vacancies (14a-2clv) which correspond to photoelectrons generated at the first outermost atomic layer.

The spectra at Fig 4.20 has a main peak around -1.22 eV, mainly composed of gold and chlorine, with the Au
contribution the highest. There is another peak at approximately -5.20 eV, mainly composed of gold and a small
quantity of chlorine. Furthermore, there is a small peak at -7.12 eV composed entirely of cesium.
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Figure 4.20: Computed UPS spectrum for Cs, Au,Clg surface A with two chlorine vacancies (14a-2clv). The strongest
contribution is from the gold and chlorine atoms. The Fermi level is shifted to 0 eV and is represented by the vertical
black line.

4.5.3 Surface A with one A-type chlorine vacancy at the subsurface (14a-sclvA)

As in the previous cases, our slab has four layers of thickness and chlorine atoms will be removed to create the
vacancies. At the subsurface, the chlorine atoms can occupy two non-equivalent positions so that both cases will be
studied, calling them cases A and B. One chlorine atom will be removed in each case, so our structures will remain
with an odd number of atoms. So, in these cases, spin-polarized calculations will be performed to determine the
material magnetization.

In this subsection, the A case structure will be studied. The structure was prepared with a thickness of 4 layers,
with gold and chlorine atoms at the top. This time it was removed one chlorine atom from the subsurface.

The vacuum used was 15 A, and the position of the bottom layer was fixed, allowing to relax remaining atoms. It
was used cut off energy of 650 eV and 0.035 27A”" of separation length, which correspond to the 3 X 3 X 1 k-points.
The surface structure is displayed in Fig. 4.21.

Removing one chlorine atom produced a readjustment of the structure, moving the atomic bonds in the first layer
(L1), as it is possible to see in Fig. 4.21 a). The central bond of the structure is broken if we view it from the top, as
shown in Fig 4.21 b).

The PDOS shows that the surface has metallic behaviour; however, at layer 3 (L3), the band gap tends to open
in the valence band. The surface layer presents a valence band with contributions mainly from gold and chlorine,
which correspond to Au-d, Cl-p states and a short contribution of Cs-p states. Meanwhile, the conduction band has
the gold, chlorine and cesium contributions that have the Au-s, Au-p, Au-d, Cl-p, Cs-s and Cs-d states. See appendix
C to find more details on the contribution of each of the atomic orbitals in the PDOS.
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Figure 4.21: SCAN computed atomic and electronic structure for outermost layers of Cs; Au,Clg with four layers of
thickness and one chlorine vacancy at the subsurface (14a-sclvA). a) Side view of the atomic structure after relaxation,
L1 is the surface layer, and L4 is the last layer. b) Top view of the surface. The black line represents the unit cell. c)
PDOS of the outermost layers. The Fermi level is shifted to 0 eV and is represented by the vertical black line.
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Spin-polarized calculations

The system with four layers should have 80 atoms. However, since we removed one chlorine atom at the subsurface
to create the vacancy, it has 79 atoms. A spin-polarized calculation was performed to check if it has magnetic
properties, and Fig.4.22 shows the obtained results.
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Figure 4.22: SCAN computed spin-polarized PDOS of the surface layer for Cs,Au,Clg surface A with one chlorine

vacancy at the subsurface(l4a-sclvA). The Fermi level is shifted to 0 eV and is represented by the vertical black line.

It was found that this structure does not have magnetization, and this could be proved with 4.22 where the positive
and the negative part is the same. The contribution of gold is mainly given by Au-d, Au-f states, chlorine contribution
is given by Cl-p, Cl-d states and cesium is represented by Cs-d and Cs-f states.

Simulated Ultraviolet Photoelectron Spectroscopy (UPS)

To compute the UPS spectra, they were used 115 eV photons for Cs; Au,Clg surface A with one chlorine vacancy at
the subsurface (14a-sclvA), which corresponds to photoelectrons generated at the first outermost atomic layer.

The spectra has the main peak around -1.46 eV, composed of chlorine and gold. There is another peak at -3.39
eV with the contribution of the same elements. A third peak is at -5.23 eV with gold and chlorine contribution.
Finally, the peak is at -6.84 eV, made entirely of cesium
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Figure 4.23: Computed UPS spectrum for Cs,Au,Clg surface A with one chlorine vacancy at the subsurface (14a-
sclvA). The strongest contribution is from the gold and chlorine atoms. The Fermi level is shifted to 0 eV and is
represented by the vertical black line.

4.5.4 Surface A with one B-type chlorine vacancy at the subsurface (14a-sclvB)

In this subsection, the B case structure will be studied, which is the other case where removing a chlorine atom
from the subsurface is possible. This time, one chlorine atom was removed from the subsurface of case B. So, the
structure was prepared with a thickness of 4 layers, with gold and chlorine atoms at the top.

The vacuum used was 15 A, and the position of the bottom layer was fixed, allowing to relax remaining atoms. It
was used cut off energy of 650 eV. and 0.035 2R of separation length, which correspond to the 3 x 3 x 1 k-points.
The surface structure is displayed in Fig. 4.24.

This time removing one chlorine atom from the subsurface produced a readjustment of the structure with
movement at the top part of layer 2 (L2), as it is possible to see in Fig. 4.24 a) and the top view Fig.4.24 b) is not
possible to observe a change in the atoms or the bonds.

The PDOS shows that the surface has metallic behaviour that is maintained throughout the structure; this is
different from the case (14a-sclvA), where at layer 3 (L3), the band gap tends to open as we could see at 4.21 ¢). The
surface presents a valence band with contributions mainly from gold and chlorine, which correspond to Au-d, Cl-p
states and a short contribution of Cs-p states. Meanwhile, the conduction band has the gold, chlorine and cesium
contributions that have the Au-s, Au-p, Au-d, Cl-p, Cs-s and Cs-d states. See appendix C to find more details on the
contribution of each of the atomic orbitals in the PDOS.
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Figure 4.24: SCAN computed atomic and electronic structure for outermost layers of CsyAu,Clg with four layers of
thickness and one chlorine vacancy at the subsurface of the case B (14a-sclvB). a) Side view of the atomic structure
after relaxation, L1 is the surface layer, and L4 is the last layer. b) Top view of the surface. The black line represents
the unit cell. ¢) PDOS of the outermost layers. The Fermi level is shifted to 0 eV and is represented by the vertical
black line.



42 4.5. CHLORINE VACANCIES FOR CS,AU,CLs SURFACE A

Spin-polarized calculations

The system with four layers should have 80 atoms, but since we removed one chlorine atom at the subsurface to
create the vacancy, it has 79 atoms. However, the calculation of the spin-polarized was done for the case (14a-sclvA)
because it is more energetically stable than (14a-sclvB).

Simulated Ultraviolet Photoelectron Spectroscopy (UPS)

The UPS spectra was computed using 115 eV photons for Cs,Au,Clg surface A with one chlorine vacancy at the
subsurface (14a-sclvB), which corresponds to photoelectrons generated at the first outermost atomic layer
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Figure 4.25: Computed UPS spectra for Cs; Au,Clg surface A with one chlorine vacancy at the subsurface (14a-
sclvB). The strongest contribution is from the gold and chlorine atoms. The Fermi level is shifted to 0 eV and is

represented by the vertical black line.

The spectra obtained at Fig. 4.25 has a main peak around -1.74 eV, composed of chlorine and gold. There is
another peak at -4.03 eV with gold and chlorine contributions. Finally, the peak at -7.08 eV is made entirely of

cesium.

4.5.5 Vacancy Energy Formation

This subsection presents Table 4.2 with the results of the vacancy energy formation of a point defect in solids for
vacancies in surface A.

From this table, it is possible to see that the vacancy (14a-clv) is the one that needs less energy to be produced,
followed by (14a-sclvA), (14a-sclvB) vacancies and the most difficult is the (14a-2clv) vacancy because it is the one
that needs the most energy to remove a chlorine atom from its structure. It is also shown that of all the vacancies
studied, only the (14a-2clv) vacancy presents insulating behaviour; all the others are metallic.
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Table 4.2: Energy formation for each vacancy of Cs, Au,Clg surface A. (14a-clv) represents the one chlorine vacancy
at the surface. (14a-2clv) represents the two chlorine vacancies at the surface. (14a-sclvA) represents the A case
of one chlorine vacancy at the subsurface, and (14a-sclvB) represents the B case of one chlorine vacancy at the
subsurface.

Vacancy Type Behaviour Energy Formation (eV)

14a-clv metallic 16.26
14a-2clv insulator 24.83
14a-sclvA metallic 16.39
14a-sclvB metallic 17.88

4.5.6 Work Function (¢)

Table 4.3 presents a summary of the work function calculated for each case of the vacancies of the finished surface
in gold and chlorine. The graphs of the work functions are found in appendix D.

Table 4.3: Work Function (¢) for each vacancy of Cs;Au,Clg surface A.(14a-clv) represents the one chlorine vacancy
at the surface. (l4a-2clv) represents the two chlorine vacancies at the surface. (14a-sclvA) represents the A case
of one chlorine vacancy at the subsurface, and (14a-sclvB) represents the B case of one chlorine vacancy at the
subsurface.

Vacancy Type ¢ (eV)

l4a-clv 6.31
14a-2clv 6.74
l14a-sclvA 6.96
14a-sclvB 6.28

From this table, the energy necessary to remove an electron from the surface is in the range of 6 eV to 7 eV,
where the one that needs less energy is the vacancy (14a-sclvB), followed by (14a-clv), (14a-2clv) and (14a-sclvA) in
order from lowest to greatest difficulty to remove an electron.

4.6 Chlorine Vacancies for Cs,Au,Cly surface B

In this section, we are going to study if the behaviour of Cs; Au,Clg surface B with four layers changes when chlorine
atoms are removed from its structure. These vacancies can end up in a structure with an odd number of atoms. So,
spin-polarized calculations will be performed to determine if the material suffers magnetization. We chose chlorine
because it is a smaller atom and would need less energy to remove if we compare it with gold and cesium atoms.

To start the calculations, the unit cell was redefined through a linear combination of the lattice parameters. So,
the new lattice parameters are: a’ =a+b,b’ = —a+band ¢’ = c.
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4.6.1 Surface B with one A-type chlorine vacancy (14b-clvA)

The structure was prepared with a thickness of 4 layers, with cesium and chlorine atoms at the top. In order to create
the chlorine vacancy at the surface, it must be taken into account that this atom has two non-equivalent positions,
so we will differentiate them by calling them cases A and B. In this subsection, we will study the chlorine vacancy
corresponding to case A. The structure was built with a vacuum of 15 A, and the position of the bottom layer was
fixed, allowing to relax remaining atoms. It was used cut off energy of 650 eV and 0.035 2R of separation length,
which correspond to the 3 X 3 X 1 k-points. The surface structure is displayed in Fig. 4.26.

Removing one chlorine atom from the surface produced a readjustment of the structure with little movement of
the subsurface at layer 1 (L1) as it is possible to see at 4.26 a) if we see the part b) with the top view of the material,
it keeps his form after the relaxation.

The PDOS shows that the surface has metallic behaviour, which continues to layer 3 (L3), where a band gap
opens. This behaviour is similar to our pristine case Fig 4.11. In this case, the outermost layer presents a valence
band with contributions of gold and chlorine, which mainly correspond to Au-d, Cl-p states and in short amount
cesium. Meanwhile, the conduction band has the gold, chlorine and cesium contributions that have the Au-s, Au-d,

Cl-p and Cs-d states. As in the previous case, the orbital contributions are in appendix C.
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Figure 4.26: SCAN computed atomic and electronic structure for outermost layers of Cs;Au,Clg with four layers of

thickness and one chlorine vacancy (14b-clvA). a) Side view of the atomic structure after relaxation, L1 is the surface

layer, and L4 is the last layer. b) Top view of the surface. The black line represents the unit cell. ¢) PDOS of the

outermost layers. The Fermi level is shifted to 0 eV and is represented by the vertical black line.
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Spin-polarized calculations

The system with four layers should have 80 atoms, but since we removed one chlorine atom at the surface to create
the vacancy, it has 79 atoms. However, the calculation of the spin-polarized was done for case B of one vacancy at
the surface (14b-clvB), which is more energetically stable.

Simulated ultraviolet photoelectron spectroscopy (UPS)

The UPS spectra was computed using 115 eV photons for Cs,Au,Clg surface B with one chlorine vacancy at the
surface (14b-clvA), which correspond to photoelectrons generated at the first outermost atomic layer. The spectra of
the Fig. 4.27 has a main peak around -1.70 eV, mainly composed of chlorine and gold. There is a peak at -4.07 eV.
and other at -5.67 eV, composed of gold and chlorine and the last peak is located at -7.24 eV, represented by a full
contribution of cesium.
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Figure 4.27: Computed UPS spectra for Cs;Au,Clg surface B with one chlorine vacancy at the surface (14b-clvA).
The strongest contribution is from the gold and chlorine atoms. The Fermi level is shifted to 0 eV. and is represented
by the vertical black line.

4.6.2 Surface B with one B-type chlorine vacancy (14b-clvB)

The structure was prepared with a thickness of 4 layers, with gold and chlorine atoms at the top and removing one
chlorine atom from the second position at the surface. So, this is the analysis of case B.

The vacuum used was 15 A, and the position of the bottom layer was fixed, allowing to relax remaining atoms. It
was used cut off energy of 650 eV and 0.035 27A7" of separation length, which correspond to the 3 X 3 X 1 k-points.
Fig. 4.28 displays the atomic structure with the vacancies.
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Figure 4.28: SCAN computed atomic and electronic structure for outermost layers of Cs,Au,Clg with four layers of
thickness and one chlorine vacancy (14b-clvB). a) Side view of the atomic structure after relaxation, L1 is the surface
layer, and L4 is the last layer. b) Top view of the surface. The black line represents the unit cell. ¢) PDOS of the
outermost layers. The Fermi level is shifted to 0 eV and is represented by the vertical black line.

This time removing the second position chlorine from the surface produced a readjustment of the structure with
little movement of the subsurface at layer 1 (L1), as it is possible to see at 4.28 (a) as in the previous case. The
surface top view has kept its form and structure, with the rest of the atoms in the structure.

The PDOS shows that the surface has metallic behaviour, which continues to layer 3 (L3), where a band gap
opens. This behaviour is similar to our pristine case Fig 4.11. In this case, the outermost layer presents a valence
band with contributions of gold and chlorine, which mainly correspond to Au-d, Cl-p states and in a short amount,
Cs-p states. Meanwhile, the conduction band has the gold, chlorine and cesium contributions that have the Au-s,
Au-d, Cl-p and Cs-d states. As in the previous case, the orbital contributions are in appendix C.
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Spin-polarized calculations

The system with four layers should have 80 atoms. However, since we removed one chlorine atom at the surface
to create the vacancy, it has 79 atoms, so to check if it has magnetic properties, a spin-polarised calculation was
performed, and the Fig.4.29 shows the obtained results.
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Figure 4.29: SCAN computed spin-polarized PDOS of the surface layer for Cs;Au,Clg surface B with one chlorine
vacancy at the subsurface(14b-clvB). The Fermi level is shifted to 0 eV and is represented by the vertical black line.

It was found that this structure does not have magnetization, and this could be proved in Fig. 4.29 where the
positive and the negative part is the same. Au-d states mainly give the contribution of gold, Au-f states, Cl-p gives
chlorine contribution, CI-d states and cesium is represented by Cs-d and Cs-f states.

Simulated Ultraviolet Photoelectron Spectroscopy (UPS)

The UPS spectra was computed using 115 eV photons for Cs,Au,Clg surface B with one chlorine vacancy at the
surface (14b-clvB), which correspond to photoelectrons generated at the first outermost atomic layer

The spectra of Fig. 4.30 has a main peak at -2.70 eV, composed of equal parts chlorine and gold. There is a peak
at-5.07 eV and another at -6.76 eV formed mainly by gold and a part of chlorine. Finally, cesium is present at -8.80
eV, with a peak done entirely by its contribution.
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Figure 4.30: Computed UPS spectra for Cs;Au,Clg surface B with one chlorine vacancy at the surface (14b-clvB).
The strongest contribution is from the gold and chlorine atoms. The Fermi level is shifted to 0 eV. and is represented
by the vertical black line.

4.6.3 Surface B with two A-type chlorine vacancies (14b-2clvA)

The following results are the analysis of the case (14b-2clvA). The structure was prepared with a thickness of 4 layers,
with gold and chlorine atoms at the top and removing two chlorine atoms from the surface of case A. For this case,
spin corrections were not calculated because we have a structure with an even number of atoms when removing two
atoms.

The vacuum used was 15 A, and the position of the bottom layer was fixed, allowing to relax remaining atoms. It
was used cut off energy of 650 eV. and 0.035 27A™" of separation length, which correspond to the 3 x 3 X 1 k-points.
Fig. 4.31 displays the atomic structure with the vacancies.

This time removing the second position chlorine from the surface produced a readjustment of the structure with
little movement of the subsurface at layer 1 (L1), as it is possible to see at 4.31 (a) as in the previous case. The
surface has kept its form and structure after the relaxation despite having 2 of its atoms.

The PDOS shows that the surface has metallic behaviour, which continues until layer 3 (L3), where a band gap
opens. This behaviour is similar to our pristine case Fig 4.11. In this case, the outermost layer presents a valence
band with contributions of gold and chlorine, which mainly correspond to Au-d, Cl-p states and in short amount
cesium. Meanwhile, the conduction band has the gold, chlorine and cesium contributions that have the Au-s, Au-d,
Cl-p, Cl-d and Cs-d states. As in the previous case, the Fermi level is shifted to 0 eV and is represented by the
vertical black line. As in the previous case, the orbital contributions are in appendix C.
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Figure 4.31: SCAN computed atomic and electronic structure for outermost layers of Cs; Au,Clg with four layers
of thickness and two chlorine vacancies (14b-2clvA). a) Side view of the atomic structure after relaxation, L.1 is the
surface layer, and L4 is the last layer. b) Top view of the surface. The black line represents the unit cell. ¢) PDOS of
the outermost layers. The Fermi level is shifted to O eV and is represented by the vertical black line.

Simulated Ultraviolet Photoelectron Spectroscopy (UPS)

The UPS spectra was computed using 115 eV photons for Cs, Au,Clg surface B with two chlorine vacancies at the
surface (14b-2clvA) which correspond to photoelectrons generated at the first outermost atomic layer. The spectra
of the Fig. 4.32 has a main peak around -2.90 eV, mainly composed of gold and chlorine. There is a peak at -5.07
eV and another at -6.64 eV, composed of gold and chlorine. The last peak is at -9.41 eV, represented by a full
contribution of cesium
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Figure 4.32: Computed UPS spectra for Cs; Au,Clg surface B with two chlorine vacancies at the surface (14b-2clvA).
The strongest contribution is from the gold and chlorine atoms. The Fermi level is shifted to O V. and is represented
by the vertical black line.

4.6.4 Surface B with two B-type chlorine vacancies (14b-2clvB)

In this subsection, the B case structure will be studied by removing the two chlorine atoms from the other position
at the surface. So, the structure was prepared with a thickness of 4 layers, with gold and chlorine atoms at the top.

The vacuum used was 15 A, and the position of the bottom layer was fixed, allowing to relax remaining atoms. It
was used cut off energy of 650 eV. and 0.035 2R of separation length, which correspond to the 3 x 3 x 1 k-points.
The surface structure is displayed in Fig. 4.33.

Removing two chlorine atoms from the surface produced a readjustment of the structure. It can be seen in Fig.
4.33 a) and b) that some bonds have been broken in the subsurface.

The PDOS shows that the surface has insulator behaviour, which is different from the pristine case that is metallic
Fig 4.11. In this case, the outermost layer presents a valence band with contributions of gold and chlorine, which
mainly correspond to Au-d, Cl-p states and in a short amount Cs-p. Meanwhile, the conduction band has the gold,
chlorine and cesium contributions that have the Au-s, Au-d, Au-p, Cl-p and Cs-d states. As in the previous case, the
orbital contributions are in appendix C.
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Figure 4.33: SCAN computed atomic and electronic structure for outermost layers of Cs; Au,Clg with four layers
of thickness and two chlorine vacancies (14b-2clvB). a) Side view of the atomic structure after relaxation, L1 is the
surface layer, and L4 is the last layer. b) Top view of the surface. The black line represents the unit cell. ¢) PDOS of
the outermost layers. The Fermi level is shifted to O eV and is represented by the vertical black line. The red lines

(1 and 2) represent the range of integrated energies to obtain the STM images.
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Simulated Constant Current (STM) images for Cs;Au,Cls (14b-2clvB)

The range of energies used to compute the STM images was -0.85 eV to 1.0 eV, as shown in Fig. 4.33 part c.
STM images presented in Fig. 4.34 were computed using a negative Vp,;,s of -0.85 V. and a positive Vj;, of 1.0 V.
Furthermore, it is presented the relative height for each case.
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Figure 4.34: Computed STM images, line scan and relative height for Cs,Au,Clg (14b-2clvB). These images were
computed for a supercell of 2 X 2 x 1, where Vj;,s = -0.85 V. (left) correspond to an occupied state and the Vs =
1.0 V. (right) is at an unoccupied state. In both images is superimposed the top view of the atomic structure of the
surface. The red box represents the unit cell, and at the bottom, there is a side view of the atomic structure of the
surface. On the sides of the images, it is presented the relative height, which was calculated in the diagonal direction.

The bright spots represent the position of the superficial atoms and, in this case, correspond to the chlorine atoms.
The darker spots correspond to cesium and the gold atoms below the surface.

Simulated Ultraviolet Photoelectron Spectroscopy (UPS)

The UPS spectra was computed using 115 eV photons for Cs, Au,Clg surface B with two chlorine vacancies at the
surface (14b-2clvB) which correspond to photoelectrons generated at the first outermost atomic layer. The spectra
of the Fig. 4.35 has a main peak around -2.22 eV, mainly composed of gold and chlorine. There is a peak at -4.15
eV and a shoulder at -6.04 eV, composed of gold and chlorine. The last peak is at -8.28 eV, represented by a full
contribution of cesium.



54 4.6. CHLORINE VACANCIES FOR CS,AU,CLs SURFACE B

— total
Au
Cl

- Cs

Intensity (arb. units)

15 10 _5 0
E-E- (eV)

Figure 4.35: Computed UPS spectra for Cs,; Au,Clg surface B with two chlorine vacancies at the surface (14b-2clvB).
The strongest contribution is from the gold and chlorine atoms. The Fermi level is shifted to 0 €V and is represented
by the vertical black line.

4.6.5 Vacancy Energy Formation

This subsection presents Table 4.4 with the results of the vacancy energy formation of a point defect in solids for
vacancies in surface B.

Table 4.4: Energy formation for each vacancy of Cs;Au,Clg surface B. (14b-clvA) represents the case A chlorine
vacancy at the surface. (14b-clvB) represents the case A chlorine vacancy at the surface. (14b-2clvA) is the vacancy
formed by removing two chlorine atoms of case A at the surface B. (14b-2clvB) is the vacancy formed by removing
two chlorine atoms of case B at the surface B.

Vacancy Type Behaviour Energy Formation (eV)

14b-clvA metallic 18.29
14b-clvB metallic 17.20
14b-2clvA metallic 35.33
14b-2clvB insulator 34.62

From this table, it is possible to see that the vacancy (14b-clvA) is the one that needs less energy to be produced,
followed by (14b-clvB), (14b-2clvB) vacancies and the most difficult is the (14b-2clvA) vacancy because it is the one
that needs the most energy to remove two chlorine atoms from the structure. It is also shown that of all the vacancies

studied, only the (14b-2clvB) vacancy presents insulating behaviour; all the others are metallic.
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4.6.6 Work Function (¢)

Table 4.5 presents a summary of the work function calculated for each case of the vacancies of the finished surface
in cesium and chlorine. The graphs of the work functions are found in appendix D.

Table 4.5: Work Function (¢) for each vacancy of CsyAu,Clg surface B. (14b-clvA) represents the case A chlorine
vacancy at the surface. (14b-clvB) represents the case A chlorine vacancy at the surface. (14b-2clvA) is the vacancy
formed by removing two chlorine atoms of case A at the surface B. (14b-2clvB) is the vacancy formed by removing
two chlorine atoms of case B at the surface B.

Vacancy Type ¢ (V)

14b-clvA 4.68
14b-clvB 3.54
14b-2clv2A 2.31
14b-2clv2B 3.89

From this table, the energy necessary to remove an electron from the surface is in the range of 2 eV to 5 eV. where
the one that needs less energy is the vacancy (14b-2clv2A), followed by (14b-clvB), (14b-2clv2B) and (14b-clvA) in
order from lowest to greatest difficulty to remove an electron.






Chapter 5

Conclusions & Outlook

In this thesis, we have performed DFT calculations using SCAN to explore the atomic and electronic structure of
bulk and several surfaces of the metal halide double perovskite Cs; Au,Clg, including vacancies.

In the first part of the thesis, we studied the electronic properties of pristine bulk face-centered cubic Cs; Au,Clg.
Here we determine the appropriate parameters for the calculations, such as the E.,, k-points, and optimal slab
thickness. After this, we perform calculations for the surfaces of CsyAu,Clg using the two kinds, type A (ended
with gold and chlorine), which present an insulator behaviour and surface B (ended with chlorine and cesium) that is
metallic. Then we create surfaces with chlorine defects, obtaining four different surface models for each case (type
A and B). Of all these surfaces with vacancies, all type A surface vacancies showed a metallic behaviour except for
(14a-2clv) structure, which is an insulator. In the same way, the vacancies of the type B surface all showed metallic
behaviour, except for the (14b-2clvB) structure, which is an insulator. This conclusion was reached using the PDOS
of the superficial layer of each structure, where we could see the contributions of all the atoms in each band (valence
and conduction band). The atoms with a stronger contribution are gold and chlorine in all the cases; the contribution
of cesium is small compared to the other elements.

We perform STM simulation images using the Tersoff-Hamann approximation of the surfaces where we have a
band gap. In these images, it was possible to observe that in the surfaces finished in gold, this element is the dominant
one, and in the case where the surface ends in chlorine, this element dominates. Furthermore, accompanying the
STM images are relative height.

In the case where we had structures where we were left with an odd number of atoms by removing chlorine atoms,
a calculation of the polarized spin was made for the most electronically stable structure. The result obtained from
this was that the structures (14a-sclvA), (14b-clvB) with the exception of the structure (14a-clv) that presents a small
magnetization whose value is 1.01 ug. We also made UPS simulations for each structure where gold and chlorine
atoms contribute most. In each UPS graph, we talk about the position of each peak and the atomic contribution in
each case.

Additionally, the formation energy was calculated for each structure with vacancies, from which it was found

that the structures where it is possible to produce a defect are (14b-clvB) and (14a-clv) because they are the ones
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that need the least energy. Finally, the work function was calculated for all the structures, of which (4a-sclvB) and
(14b-2clv2A) are the ones that need less energy.

The most stable Cs;Au, Clg surface model is the surface B, which was determined using the energy of the system,
and it was found that the most stable is the surface B with a difference in the energy of 0.10 eV. We found that the
most stable surfaces with vacancies are the (14a-clv), (14a-sclvB) for the surface A and (14b-clvB), (14b-2clvB) for
vacancies for the surface B.

Finally, the results were obtained for metal halide double perovskite Cs, Au,Clg that may lead to further exper-
iments and DFT calculations. According to the formula A;B;,Xg, there could be several materials that could have
the perovskite structure. It is possible to perform the same calculations; for example, in the X¢ position could be

elements such as bromine (Br) or iodine(I) and with these results determine which perovskite has the best properties.



Appendix A

Input and output files examples

Examples of input and output files used in the calculations for this work

SYSTEM = Cs2AuAuX6, X=Cl double perovskite
#Hoeo0e%6026%%2%% ELECTROMNIC RX 6060606062626 %26 %3696 66656656 266 26366 %66 %
ISMEAR = -5 ! -5 insulators&final energy 1 rx in metals

LREAL = auto
PREC = Accurate
ENCUT = 658

ALGO = N !N more accurate, F fast, VF fastest, D damped, A precondit (D,A for HF)
EMIN=-20

EMAX=10

Hiorormsmommmne FUNCTIONAL S6060006007636762030367076 0707067050200 f60660070 20070 006

METAGGA = SCAN

LMIXTAU = T

LASPH = T l!use for LDA+U, hybrid or meta-GGA in f- and 3d-elements

#Heo6%%63%36%%%% DIPOLE CORRECTIONS 2606067560560 36 656 %6 6 6 6% % 66 636 %

IDIPOL=3 ! 3 is for surfaces

LDIPOL= T

Figure A.1: INCAR file example. It is possible to observe several tags with their assigned value for electronic
relaxation, functionals, and dipole corrections to be used in the calculations. These tags determine what to do and
how to do the calculations in VASP.!
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Au C1 Cs
1.06000000000000

7.4452999999999996
0.0000000000000000
0.0000000000000000

0.0000000000000000
7.4452999999999996
©.0000000000000000

0 .0000000000000000
©.000000000000000
34.5234999999999985

Au (1 Cs
8 24 8
Selective dynamics

Direct

0.0000000000000000 0©.0000000C0CREOEEE ©.09170060000GER32 F F F
0.0000000000000000 -0.0000000000000000 ©.4079084322472288 T T T
0.5000000000000000 0©.5000000000000000 ©.2497064957899165 T T T
0.5000000000000000 0©.5000000000000000 ©.56709796@479%044 T T T
©.0000000000000000 -0.0000000000000000 ©.2499479064645471 T T T
0.0000000000000000 -0.0000000000000000 ©.5633482794296566 T T T
0.5000000000000000 0©.5000000000000000 ©.0917006000000B32 F F F
0.5000000000000000 0©.5000000000000000 ©0.4079594116785893 T T T
8.7790299999999988 ©.77908299999999988 ©.0917000000000032 F F F

Figure A.2: POSCAR file example. At the top, we have the name of our system. Next is the scaling constant, which
scales the lattice vectors. From the third to the fifth line, the lattice vectors are presented. Below we have the species
of atoms present in our system; something important point is that the order in which they are presented must be the
same order in which they are found in the POTCAR file to avoid errors. The next line shows the number of atoms
for each species mentioned in the previous line. The next two lines represent the restrictions on the movement of the
atoms and the way the atomic coordinates are presented; in this case, we use direct(fractional) coordinates. Finally,

all the atomic positions are presented, accompanied by their respective movement restriction. >

kpoints for 001, dk=0.035 1/Ang
)
Gamma

441

000

Figure A.3: K-POINTS file example. As a first-line, we have our study system. Next, we have that the k points are
0, which will cause the mesh to be generated automatically. Below we have to generate a Gamma-centered mesh.
The fourth line shows the number of desired subdivisions for our case. Furthermore, the last line is used when we
want to perform a mesh shift.3
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1.00600000

49 48 @ @

0.4784309E+02 ©.7445300E-89 ©.7445300E-09 ©.3452356E-08 0.5000000E-15

1.000000000000000E-004

CAR

Cs2AuAuX6, X=(C1 double perovskite

10.00000000 -20.00000000 301 -1.27500000
-20.800 ©.000BE+0@ ©.B8000E+B2
-19.90@ ©.0000E+G@ 0©.B8000E+02
-19.800 ©.0000E+0@ ©.8000E+02
-19.760 ©.000BE+0@ ©.8000E+02
-19.600 ©.0000E+0@ ©.8000E+02
-19.560 ©.0000E+0@ ©.B8000E+02
-19.400 ©.0000E+0@ ©.8000E+02
-19.36@ ©.000BE+0@ ©.B8000E+02
-19.200 ©.0000E+00 ©.8000E+02

Figure A.4: DOSCAR file example. DOSCAR file is an output file. In its first line, we have the number of ions
(including empty spheres), number of ions, O (not partial DOS) or 1 (partial DOS). The next line has the unit cell’s

volume along with the basis vectors’ length (a,b,c). The third line presents the initial temperature. Below we have

the system’s name as given by the tag SYSTEM in the INCAR file. In the sixth line, values correspond to the energy

range given by the DOS, the number of grid points, the Fermi energy level, and 1 as a value. Then all this is followed

by the columns energy, DOS, integrated DOS.*

N E dE d eps ncg rms
pAav: 1 0.591166791722E+04 0.59117E+84  -©.17849E+05 3256
DAV: 2 0.554543544348E+03  -0.53571E+04  -0.51068E+04 4200
DAV: 3 -0.992533083798E+03  -0.15471E+04  -0.14934E+04 5312
DAV: 4 -0.124713441565E+04  -0.25460E+03  -0.24719E+03 4984
DAV: 5 -0.127467673230E+04  -8.27542E+02 -0.27020E+02 5480
DAV: 6 -0.109944282930E+04 0.17523E+63 -0.39976E+02 5064
DAV: 7 -0.110184913178E+04  -8.16063E+01 -9.45381E+01 5192
DAV: 8 -0.110071209516E+04 0.33704E+00 -9.52755E+00 5328
DAV: 9 -0.110078468202E+04  -B8.72587E-01 -9.46818E-01 5072
DAV: 1@ -0.110076385624E+04 0.20826E-01 -9.19538E-01 4616
DAv: 11 -0.110876162562E+04 ©.22306E-82  -0.85026E-02 5e08
DAV: 12 -0.110876020430E+04 0.14213E-82  -0.21626E-02 5e00
DAV: 13 -9.110875990008E+04 0.30423E-83  -0.70401E-03 4536

OO0 000D DOO®

rms(c)

.167E+83
. 764E+02

446E+02
243E+02
686E+81
110E+82
376E+81
118E+81
468E+00
234E+00

.158E+00
.105E+00
.339E-01

o000 0080

.751E+@01
.439E+01
.102E+01
.513E+00
.391E+@0
.205E+00
.747E-01
A42E-01
.234E-01

Figure A.5: OSZICAR file example. OSZICAR file is an output file which gives information about convergence

speed and the current step. In the first line, we have N, which represents the number of electronic steps, E is the

current free energy, dE is the change in the free energy from the last to the current step and d eps is the change in the

band structure energy. 3
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Atomic and electronic structure of
Cs>Au,Clg with 6 layers
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Figure B.1: SCAN computed atomic and electronic structure for outermost layers of Cs;Au,Clg with six layers
thickness type A (16a). a) Side view of the atomic structure after relaxation, L1 is the surface layer, and L4 is the
last layer. b) Top view of the surface. The black line represents the unit cell. ¢) PDOS of the outermost layers. The

Fermi level is shifted to 0 eV and is represented by the vertical black line.
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Figure B.2: SCAN computed atomic and electronic structure for outermost layers of Cs,Au,Clg with six layers
thickness type B (16b). a) Side view of the atomic structure after relaxation, L1 is the surface layer, and L4 is the
last layer. b) Top view of the surface. The black line represents the unit cell. ¢) PDOS of the outermost layers. The
Fermi level is shifted to O eV and is represented by the vertical black line.






Appendix C

Detailed computed PDOS for all the
surfaces

LU
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Figure C.1: Detailed PDOS for Cs;Au,Clg surface A (14a) computed with SCAN, where the states of each orbital
are shown. On the horizontal axis are the E — E, and on the vertical are states/eV.
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Figure C.2: Detailed PDOS for Cs;Au,Clg surface B (14b) computed with SCAN, where the states of each orbital
are shown. On the horizontal axis are the E — E, and on the vertical are states/eV.
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Figure C.3: Detailed PDOS for Cs;Au,Clg surface A with one A-type chlorine vacancy (l4a-clv) computed with
SCAN, where the states of each orbital are shown. On the horizontal axis are the E — Ep, and on the vertical are

states/eV.
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Figure C.4: Detailed PDOS for Cs;Au,Clg surface A with two A-type chlorine vacancies at the surface (14a-2clv)
computed with SCAN, where the states of each orbital are shown. On the horizontal axis are the £ — Er and on the
vertical are states/eV.
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Figure C.5: Detailed PDOS for Cs; Au,Clg surface A with one A-type chlorine vacancy at the sub surface (14a-sclvA)
computed with SCAN, where the states of each orbital are shown. On the horizontal axis are the E — Ef, and on the
vertical are states/eV.
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Figure C.6: Detailed PDOS for Cs;Au,Clg surface A with one B chlorine vacancy at the sub surface (14a-sclvB)
computed with SCAN, where the states of each orbital are shown. On the horizontal axis are the E — Ef, and on the
vertical are states/eV.
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Figure C.7: Detailed PDOS for Cs,Au,Clg surface B with one A-type chlorine vacancy at the surface (14b-clvA)
computed with SCAN, where the states of each orbital are shown. On the horizontal axis are the E — Ef, and on the
vertical are states/eV.
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Figure C.8: Detailed PDOS for Cs,Au,Clg surface B with one B type chlorine vacancy at the surface (14b-clvB)
computed with SCAN, where the states of each orbital are shown. On the horizontal axis are the E — Ef, and on the

vertical are states/eV.
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Figure C.9: Detailed PDOS for Cs; Au,Clg surface B with two type-A chlorine vacancies at the surface (14b-2clv2A)
computed with SCAN, where the states of each orbital are shown. On the horizontal axis are the £ — Er and on the
vertical are states/eV.
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Figure C.10: Detailed PDOS for Cs;Au,Clg surface B with two type B chlorine vacancies at the surface (14b-2clv2B)
computed with SCAN, where the states of each orbital are shown. On the horizontal axis are the E — Ef, and on the
vertical are states/eV.
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Computed work functions (¢) for vacancies
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Figure D.1: SCAN computed work function for Cs, Au,Clg surface A with one A-type chlorine vacancy (14a-clv).

The blue line represents the average potential in the z-direction, and the horizontal red dotted line is the Fermi level
Er
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Figure D.2: SCAN computed work function for Cs; Au,Clg surface A with two A-type chlorine vacancies at the
surface (14a-2clv). The blue line represents the average potential in the z-direction, and the horizontal red dotted line

is the Fermi level Er
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Figure D.3: SCAN computed work function for Cs; Au,;Clg surface A with one A-type chlorine vacancy at the sub
surface (14a-sclvA). The blue line represents the average potential in the z-direction, and the horizontal red dotted

line is the Fermi level Er
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Figure D.4: SCAN computed work function for Cs, Au,Clg surface A with one B type chlorine vacancy at the sub
surface (14a-sclvB). The blue line represents the average potential in the z-direction, and the horizontal red dotted

line is the Fermi level Ex
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Figure D.5: SCAN computed work function for Cs;Au,Clg surface B with one A-type chlorine vacancy at the surface
(14b-clvA). The blue line represents the average potential in the z-direction, and the horizontal red dotted line is the

Fermi level Er
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Figure D.6: SCAN computed work function for Cs; Au,Clg surface B with one B type chlorine vacancy at the surface

(14b-clvB). The blue line represents the average potential in the z-direction, and the horizontal red dotted line is the
Fermi level Ex
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Figure D.7: SCAN computed work function for Cs, Au, Clg surface B with two type-A chlorine vacancy at the surface

(14b-2clv2A). The blue line represents the average potential in the z-direction, and the horizontal red dotted line is
the Fermi level Er
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Figure D.8: SCAN computed work function for Cs; Au,Clg surface B with two type B chlorine vacancy at the surface
(14b-2clv2B). The blue line represents the average potential in the z-direction, and the horizontal red dotted line is

the Fermi level Er
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