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Abstract

Ternary alkali rare earth sulphides ABS,, have been received much attention in recent
years. Due to their wide band gap, they become a promising candidate for many
applications ranging from portable electronics to light-emitting diodes (LED), solar
cells and transparent electronics.

In this thesis, first principles calculations based on density functional theory (DFT),
have been used to investigate structural, elastic, electronic, optical and thermodynamic
properties of KScSz, KY'S2, KLaS,, KLuSz, RbLuSz, and RbScS,. We found that GGA-
PBE gives results better than LDA for structural properties. B3LYP functional leads an
excellent agreement compared to the experimental ones. For this reason, it has been
chosen to calculate the optical properties. The optical properties show that these
compounds are transparent in the entire IR and visible regions. However, the
thermodynamic properties of the considered materials are less affected by temperatures
lower than 100 K. On the other hand, we have used the new developed SCAN meta-
GGA functional together with accurate hybrid HSEO06 functional, we have studied
CsScSy, CsYS,, and APMS; (A= Li, Na, K, Rb, Cs) compounds as potential candidates
for p-type transparent conducting materials (TCMSs). These compounds have not been
synthetized yet. The calculated results of the formation energy and phonon dispersion
curves confirm that these materials are thermodynamically stable and feasible to
synthesize experimentally with a-NaFeO. phase. All the considered materials have
ultra-wide bandgap and they are transparent in the whole IR and visible regions. The



calculated hole effective masses are competitive with the industry standard n-type
TCMs except for LiPmS, compounds.

Key words: Semiconductors, DFT, pseudo potentials, plane waves, electronic
properties, structural properties, mechanical properties, optical properties.

Résumé

Les Sulfures de terres rares et d’alcalins ABS2 ont fait I'objet de beaucoup d'attention
ces dernieres années. En raison de leur large bande interdite, ils deviennent des
candidats pour de nombreuses applications, I'électronique portable, les diodes
électroluminescentes (LED), cellules solaires et I'électronique transparente.

Dans cette these, un calcul de premiers principes bases sur la théorie de la fonctionnelle
de la densité (DFT) ont été utilisés pour étudier les propriétés structurales, élastiques,
électroniques, optiques et thermodynamiques de KScS», KYS;, KLaS;, KLuS, RbLuS;
et RbScS,. Nous avons trouvé que GGA-PBE donne de meilleurs résultats que la LDA
pour les propriétés structurales. Concernant la bande interdite, la fonctionnelle B3LYP
donne un excellent accord par rapport a I’expérience. Pour cela, elle a été choisie pour
calculer les propriétés optiques. Les propriétés optiques montrent que ces COmposes
sont transparents dans les deux régions IR et visibles. Cependant, les propriétés
thermodynamiques calculées révelent que les matériaux considérés sont moins affectés
par les températures inférieures a 100 K. D'autre part, nous avons appliqué la nouvelle
fonctionnelle la plus développée SCAN avec la fonctionnelle hybrides HSEO6, nous
avons étudié CsScS,, CsYS, et APmS; (A = Li, Na, K, Rb, Cs) comme candidats
potentiels pour les matériaux transparents de type p (TCMs). Ces composés n'ont pas
encore été synthétisés. Nos résultats de I'énergie de formation et de la dispersion des
phonons confirment que ces matériaux sont thermodynamigquement stables et qu'il est
possible de les synthétiser expérimentalement dans la phase a-NaFeOz. Tous les
matériaux considérés ont une bande interdite ultra-large et ils sont transparents dans
toutes les régions IR et visibles. Les masses effectives des trous calculés sont
compétitives dans l'industrie standard TCM de type n.

Mots clés : Les semiconducteurs, DFT, ondes planes, pseudo-potentiels, propriétés
structurales, propriétés électroniques, propriétés mécaniques, propriétés optiques.
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Introduction

Introduction

The multi-millennial history of human civilization shows that the significant increase
in living and production levels is more often linked to the discovery of new materials with
specific properties that are better and better adapted to real customer requirements that are
becoming more sophisticated almost every day. This makes searching for new materials and
their rapid optimization is critical field to enable future technological developments.
Therefore, there will be no modern innovations without new materials, only existing
bottlenecks. Historically, new materials have been discovered by either trial-and-error
processes or serendipity. Where both are challenging experiments; require very time-
consuming and high costs. With the numerous starting elements in the periodic table, there
are almost unlimited potential combinations of multinary materials. In the past decade, with
the development of computational tools, exploring new materials become possible
systematically on a computer [1, 2]. Recently, the discovery progress has been developed
and accelerated through a combination of High-throughput computing and large materials
databases like AFLOWLIB[3], OQMD [4], CMR [5], and Materials Project [6]. Which
based on first-principles calculations i.e. the density functional theory (DFT)[7-10].

Until recently, the determination of the crystal structure of materials and their
properties was just linked to the experiment, where it has been considered as the only reliable
source. However, since the advent the density functional theory (DFT), combined with
modern computing power the situation became a quite different, where has allowed to
anticipated the structures of many new materials, were later confirmed by experiments [8].
On the other hand, DFT gives a good understanding of not yet investigated properties of
materials including structural, dynamical, magnetic, and electrochemical [11-14]. In other
words, a given application requires a very one or many specific properties, which would be
presented in only unique material. In addition, it became possible with high-throughput ab
initio calculations to find the needed suitable properties of materials, and hence, we can
decide whether it is a promising candidate for the considered applications without trial-

experiments. This latter leads to saving time at lower costs [15-18].

Modern semiconductor technologies are only 70 years old, but they changed the
world beyond anything that could have been imagined before them. The first spawn of
semiconductors was in 1947, by the demonstration first transistor [19]. Until the late-1980s,

semiconductors were limited to Ge, Si, and some “conventional” III-Vs, which all of them
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have a small bandgaps lower than = 2.3 ¢V. Recently, wide bandgap (WBG) and ultra-wide
bandgap (UWBG) semiconductors, represent an exciting and challenging new area of
research in materials sciences and applications. This kind of semiconductors has potential
advantages over than narrower-bandgap in many relevant fields like; deep-UV
optoelectronics high-power and RF electronics, as well as in transparent semiconducting,
and quantum information, power switching and power amplifier applications as well [20-
23]. Among the large group of UWGS semiconductor materials, the alkali rare earth sulfides
ABS; (A= alkali metal and B = rare earth metal). Although these materials are known since
1964, studies dealing with them remained very rare. Recently, have been attracting more
attention, since some of them are promising materials for solid state light emitting diode
(LED), or X-ray phosphors, as they are potential candidates for many applications such as
transparent materials, Na-ion batteries, nano-pigment, p-type transparent electrodes.
Following our bibliographical research during this thesis, we found that, to date, there are
no theoretical investigations on the most of these materials and some physical properties
like; band structure, density of states, elastic properties, vibrational and linear optical are
still unknown as well. Additionally, CsScS2, CsYS;, and APmS; (A= Li, Na, K, Rb, Cs)

compounds are not-yet-synthetized.

The main objective of the research work carried out during this thesis is to investigate
(a) the structural properties, elastic, electronic, chemical bonds and thermodynamic
properties of KScSz, KYS,, KLaSz, KLuS,, RbLuUS,, and RbScS,, compounds. (b) The
crystal structure stability and physical properties of the ternary semiconductors CsScSo,
CsYS,, and APmS: (A= Li, Na, K, Rb, Cs) as potential candidates for p-type transparent
conductors by using pseudopotentials and plane waves based on the DFT as implemented in
the CASTEP and VASP software. This thesis is organized as follows: in Chapter 1, we
present the state of the art on ABS> family including structure types with their occurrence
and relationship, and their different physical properties. We also give a brief presentation of
some basic physical notions necessary can help to understand the obtained results. Chapter
2 is an introduction to the theoretical framework used in this thesis. Chapter 3 is a
comparative investigation of structural, optoelectronic, mechanical, and thermodynamic
properties of KScS», KYS,, KLaS2, KLuS,, RbLuS>, and RbScS; using LDA, GGA-PBE
and hybrid B3LYP functional within CASTEP code. Then Chapter 4 is investigation of the
structure and thermodynamic stability of CsScS,, CsYS», and APmS; (A= Li, Na, K, Rb,
Cs) compounds for p-type transparent conductors using GGA-PBE, SCAN and HSE06
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functionals within VASP code. Finally, a brief conclusion is proposed including all the main

results of this work.
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CHAPTER

Bibliographic study
And

Presentation of ABS, materials

.1 Introduction

The ternary compounds with conventional chemical formula A'B™CY! have received
a much attention in the recent years, since they are promising candidates for many
applications such as light-emitting diodes[1], solar-cells [2], luminescence [3], vacuum-
ultraviolet-transparent lenses used in optical lithography steppers[4], and nonlinear optical
devices[5]. Among this large group of semiconducting material, the alkali rare earth sulfides
ABS; (A= alkali metal and B = rare earth metal), inherent unique combination of exciting
optical, magnetic and mechanical properties. Many of them are having higher melting
points, promising candidates for infrared windows materials, p-type transparent electrodes,
Na-ion batteries, white LED solid state lightings, X-ray phosphors, and some of these

compounds show excellent semi conductive behaviors [6-17].

In this chapter and based on the available scientific works, we will present the ABS:
(A= alkali metal and B = rare earth metal) semiconductors: their structural, electronic and
optical properties. We will present first the different structure types of ABS, with their
occurrence and relationship passing through a description of a-NaFeO2 type structure with
a mention of the effect of the atomic number Z on the structural properties as well as the
Synthesis method of ABS,. We will give an overview of some bibliographic bases necessary

to understand this study.
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.2 State-of-the-art of alkali rare earth sulphides ABS>

Historically, the first synthesis of the ternary semiconductors ABS; (A = Li, Na and
K) was in 1964 by Ballestracci and Bertaut[18, 19]. They synthesized and studied the
structural properties of these compounds. Bronger[20] in 1973 has expanded this family by
studying the structural properties RbBS; and CsBS, (B= rare earth elements) materials.
These studies were followed by many researches [6, 8, 10, 21-29], all results of these works
are summarized in the annexe (Table S1). Most of these researches have focused on the
structural properties of such systems. Moreover, studies dealing with the other physical

properties remained very rare.

In 2011, these materials family start to be studied in a pioneer work dealing with
fundamental properties of pure and RE-doped (RE = Ce, Eu, Pr, Sm, Th) RbLaS,. where has
been proposed as a novel material for solid state white light emitting diode (LED) lighting
and X-ray phosphors[16]. Therefore, the ternary ABS; (B= rare earth elements) become a
very interesting subject for many works, especially in the luminescence field [17, 30-39]. It
is worth to mention that all the above-mentioned works are purely experimental. Recently,
many theoretical studies on the title materials have been done using density functional theory
(DFT) for different applications [14, 15, 40-44].

1.3 Structural types present in ABS, their occurrence and relationship

The information reported in the literature about the known structures of Alkali rare
earth sulphides ABS, summarized in the annexe (table S1) are presented graphically in
Figure 1.1. As can be seen from Figure 1.1, Among all possible ABS; stoichiometry (A=Ll,
Na, K, Rbor Cs; B= La-Lu, Y or Sc), four different crystalline structures have been reported
(cubic ThaP4 with space group 1-43d, cubic NaCl with Fm-3m space group, rhombohedral
a-NaFeO: with space group R-3m and hexagonal B-RbScO, with space group P63/mmc).
Most compounds belong to the a-NaFeO- structure-type and little less to the NaCl-type.
Where a- NaFeO2-type structure can be derived from the NaCl-type (Figure 1.2). Both KBS:
and RbBS; (B=rare earth elements) adopt only the rhombohedral a-NaFeO»-type structure.

As matter of fact, the structure-type of these related compounds is significantly affected
by the radius ratio Rgs+/R,+ Of the constituting cations. For room temperature LiBS, and
NaBS. materials for larger values (0.95 < Rgs+/R,+ < 1.08) crystallized with NaCl-type
structure, with increasing the difference of the radius between the monovalent A" and

trivalent cations B** (0.62 < Rgs+/R+ < 0.95), the compound tends to crystallize with a-
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NaFeO»-type [20, 21]. Additionally, the temperature is an important factor where the first-
order phase transition from NaCl phase to a-NaFeO; structure type takes place for LiYS;
(896 K) and LIErS; (966 K), for NaNdS>, the temperature phase transition observed at 1160
K [25].

Th3P4 B Fm-3m
* R-3m @ P63/mmc

Cs

Rb| % % % % ? % % % % % % % % % %k % %

K| % % % % ? * Kk *
- X L hkk ok ok ok ok ok ok ok ok k Kk |
Na 2
.-.- -
Li mmommm XXEE X
H B E N ]

T T T T T T T T T T T T T T T
La Ce Pr Nd PmSmEu Gd Th Dy HoEr TmYb Lu Y Sc

Figure 1.1: Schematic representation of the deferent structure types in ABS, compounds

1.4 Structural properties

1.4.1 Description of a-NaFeO:2 type structure for ABS2 materials family

The layered rhombohedral a-NaFeO2-type structure that is described by R-3m (166)
space group. Generally, this structure type can be derived from a cubic NaCl-type, where
both cations A* and B*® (which are randomly disordered with NaCl structure) are
alternatively ordered in layers S*~A*— S~ B**— S? perpendicular to the cubic [111]
direction, as shown in figure 1.2. Here, the difference between the ionic radii of these cations

induces the appearance of this order and the rhombohedral distortion.
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A7/B* (50%/50%) —»

Figure 1.2: Schematic representation of ABS; materials in the -NaFeO> structure (R-3m

space group) (c), derived from the NaCl structure (a, b).

In addition, this structure type can be described as infinite stacked layers of ASe—RESs—
ASe—RESs.... edge-sharing octahedra along the c-axis. Both ASe and BSe octahedra
characterized by identical bonds length A-S in ASe and B-S in BSs, two unequal distances
(S1-S2 and S2-S3 in ASe octahedral and S1-S2 and S4-S5 in BSg octahedral), two unequal
angles (S1-A-S2 and S2-A-S3 in ASe octahedral and S3-B-S4 and S4-B-S5 in BSe
octahedral), all these angles defer from 90 at ambient conditions; thickness h parallel to the

axe c of the hexagonal unit cell where cnex= 3h(ASg) + 3h(BSe) (Figure 1.3).
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Figure 1.3 Schematic representation of the ABS; in a-NaFeO; structure showing the layered

character of this type of material.

However, In this structure the alkali atoms occupy the 3a Wyckoff position (0,0,0), the
rare earth located at the 3b position (0,0,1/2), and sulfur atoms situated at 6¢ position (0,0,2),
where z is the fractional coordinate. In fact, here the hexagonal unit cell is a conventional

unit cell including three formula units, and one formula is the rhombohedral unit cell.

1.4.2 Structural parameters and atomic number Z relationship in a-NaFeO2-type

From the available data in the literature about ABS, materials, it turned out that there
is a relationship between the atomic number Z and the structural parameters including; unit-
cell parameters a and c, fractional coordinate z(S%), the interatomic distance, and thickness
of cationic layers h(ASs) and h(BSe). Which, allow confirming the reliability of the
structural parameters of any of these compounds. For example, Figure 1.4 (a, d) indicate
that there is some deviation in the determination of unit-cell parameters of LiTbS..
Furthermore, Figure 1.4 (d) shows that the crystal structure of Y®* compounds corresponds
to those of Ho®", this is due to the very close crystal ionic radii of six-coordinated, Y3* (1.040
A) and Ho®*(1.041 A)[45].

10
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Figure 1.4. The dependence of the lattice parameters (a) a, (b) ¢, (c) fractional coordinate z(S%),

and (d) the unit-cell ratio c/a on atomic number Z in ABS, materials (a-NaFeO; structural type)

1.4.2.1 Effect of atomic number Z on the unit-cell parameter a, ¢ and the fractional
coordinate z(S?%)
As can be seen from Figure 1.4 (a), The lattice parameter a decreases almost linearly
with increasing atomic number Z of the trivalent cation B%*(La-Lu). This figure also shows
that the parameter a increases with increasing atomic number Z of the alkaline earth metals

from Li* to Cs*.

The first observation that can be clearly seen from the Figure 1.4 (b) is that the value of the
parameter ¢ remains rather constant with the change of atomic number Z of the rare earth
elements B%*(La-Lu). One can well notice that the value of the unit-cell parameter ¢

increases with the increase of atomic number Z of the monovalent A* (Li-Cs).

As Figure 1.4 (c) shows, for the compounds KBS, RbBS», and CsBS», a fairly linear
decrease of the fractional coordinate z(S?) is observed with increasing the number atomic Z
of B%*. This not observed for LiBS, and NaBS, materials. However, we can also note that
there is a direct correlation between the z(S%) and the atomic number Z of alkalis, where

2(S%) is decreased from Li to Cs.

11
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1.4.2.2 Effect of atomic number Z on the interatomic distance and the layers width
As we can see from Figure 1.5 (a), with the increase the atomic number Z from La
to Lu a very small decrease (quasi-linear) is observed for the A*-S% bonds, while these
bonds increase with increase the atomic number Z from Li to Cs. On the other hand, the
interatomic distances B3*—S?- decrease when going up from La to Lu with the exception of
LiBS;and NaBS, materials. Furthermore, the bonds B**—S% almost unaffected by the change

of monovalent cation size (Li-Cs) Figure 1.5 (b).
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Figure 1.5. The dependence of the interatomic distances (a) A*-S%, (b) B3*-S?, and layers

width (c) h(ASs), (d) h(BSs) on atomic number Z in ABS; materials (a-NaFeO- structural
type).

similar to the interatomic distances, almost there is no effect of trivalent cations B** on the
monovalent layers' width h(ASs) while becoming more thicker going from Li* to Cs™ Figure
1.5 (a). However, the trivalent layers width h(BSe) decrease with increase the atomic number
Z (La-Lu) for K, Rb, and Cs materials. While a small decrease is observed with increase the

atomic number Z of the alkaline earth metals from Li* to Cs™ Figure 1.5(d).

12
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1.5 Synthesis of ABS:

Several synthesis methods have been reported in the literature throughout the years
from the first preparation in 1964. High temperature up to 900°C solid-state reactions under
flowing H>S starting with A2COz and B203 [18, 19], or ACI and BCl3 [10], directly from the
elements in evacuated silica ampules [25]. By anion-exchange reaction [26]. currently, the
most used method reported is the chemical reaction in an electric resistance furnace under

the flow of hydrogen sulfide Figure 1.6 [16].

As example preparation of RbLaS; using the chemical reaction in an electric resistance
furnace under the flow of hydrogen sulfide:

As starting materials, we need Rb2COs, La.03, Hydrogen sulfide gas (H2S) and Nitrogen
gas (N2). Firstly, RboCOs and LaOs materials are mixed in the molar ratio 1:80 (Rb2COs
abundance). The prepared mixture is placed in a corundum boat and put into a corundum
tube (inner volume of 0.9 dm?), then heating it up to 1025 °C using an electric resistance
furnace with a heating rate of 5 °C min~* under the flow of argon gas. When the mixture
reached the desired temperature, the reaction mixture was annealed for 1 h under the flow
(15 dm® hY) of hydrogen sulfide. After annealing, the reaction system cooling under the
flow of Ar (1 °C min™%, 0.3 dm® h™1). Note that even after annealing, H2S mixed with Ar is
still present in the reaction volume. Upon reaching room temperature (RT), the corundum
boat is removed from the tube furnace and the reaction products are treated by a decantation
process (three times by distilled water and once by ethyl alcohol), followed by drying under
the Argon flow. The resulting product consisted of hexagonal platelets sized 1-2 mm.

Photographs of RbLaS2 is presented in Figure 1.7.

13
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resistance furnace
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— /
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Figure 1.6. A scheme for the preparation of ABS; compounds[16].

Figure 1.7 Photographs of RbLaS, compound[16].

1.6 Electronic Properties

1.6.1 Concept of Band Structure
In an isolated atom, the electrons in each orbit possess definite energy. However, in

the case of solids, when the atoms are closely arranged together, the electrons especially that

in outermost orbit experiences an attractive force from the other atoms.

14
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Figure 1.8. Basic concept of electronic band structure.

Suppose two isolated atoms are brought close to each other, the electrons in the orbits of
two atoms interact. Hence, the energies of valence electrons will slightly change to a lower
and higher level than the original value. The same principles apply in a solid with N atoms
(Figure 1.8). All of the same energy are taken and combined to form N number of closely
energy levels. It is known as energy bands. These bands are separated by empty energy
regions, called the forbidden band of energies. The band located above the band gap is called
the conduction band (BC), unlike the band below band gap called the valence band (BV). In
consequence, material can be classified based on its band gap value into three categories
(Figure 1.9): - Conductor (metal) - Insulator — Semiconductor.

a) Conductor

For conductor, as results in the overlapping between the valence band (BV) and
conduction band (BC), there is no energy gap between both bands. Moreover, a large number
of free electrons exist at room temperature. As example: silver, copper, iron, gold, aluminium
..etc.

b) Insulator

An insulator has a high band gap up to 7 eV, which make the electrons transition from
the valence band to the conduction band impossible. There is no free electrons and the

material cannot conduct the electricity at all. Example: wood, paper, plastic ...etc.

15
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¢) Semiconductor
For semiconductor, the conduction band is empty and the energy gap between the

maximum valence band to the minimum conduction band is very small. Therefore, it is an
insulator at OK, while become a conductor under certain but not others, making it a good

medium for electrical current control. Example: Silicon, Germanium ...etc.
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Figure 1.9. Classification of materials based on band energy theory.

In table 1.1 we summarize the electronic band gap of some ABS2 materials, which have
been reported in the literature. Based on the data in table 1.1, these ternary sulphides can be
classified as indirect semiconductor with large band gap, where most values between (3.80

and 4.08 eV). Which make these materials very interesting for the ultrawide-bandgap

semiconducting field.
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Table 1.1: the available electronic band gap of ABS2 materials.

LiScS: 3.75 HSE [15] | NaGds: 3.76
NaScS: 1.81 PBE [14] | NaLuS: 4.08
NaYS 4.01
229 | PBE ars
NaEuS: 3.88 PBEO KLaS: 3.82
3.19 HSE
KGdS; 3.76
Exp
37
2 i oo KLuUS: 4.03 [37]
KEuS: 4.10 PBEO KYS; 4.01
8.41 R RbLaS; 3.84
[41]
RbGdS; 3.86
2.55 PBE
RDbEUS; 4.16 PBEO RbLuS: 4.00
3.49 HSE
RbYS: 4.04
RbTbS; 2.1 Exp [46]
2.60 PBE
CsEuS: 421 PBEO
3.54 HSEQ6
KYS; 3.37
KScS: 2.89 HSE [40]
RbScS: 2.88

1.6.2 Concept of effective mass

In semiconductor materials, due to the potential created by the other particles in the
crystal, electrons unable to move as freely and will have different behaviour from the free
electrons. The electron seems like it has a new mass that usually referred to as the effective
mass (m*). The effective mass of the carriers may be larger or smaller than the free electron
mass me (9.11x1073! kg).
The most common calculation method of the effective mass of a semiconductor is by fitting
the actual E-k diagram around the conduction band minimum for electrons (mg) or the
valence band maximum for the holes (m},) by a parabola. The effective mass equation:
[ 1 ] _ 1 0%E(k)
m*]  h? 0k?
v Small effective masses mean high mobility, and hence high conductivity.

(1.1)
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1.7 Optical properties

In nature, light interacts with matter in many different ways. Metals are shiny, but
water is transparent. Stained glass and gemstones convey certain colours, but absorb others.
However, some materials such as milk appear white because they disperse the incoming
light in all directions.
The wide-ranging optical properties observed in the interaction light-solid can be classified
into three general phenomena, namely reflection, absorption and transmission, as illustrated

in Figure 1.10.

R
eﬂectiOII

PP\
Tmns““ss‘

Incident
Light

Solid

Figure 1.10. Interaction between light and matter.

At the microscopic or quantum mechanical level the optical properties are closely
connected with the band structure. The linear response of a material to the electromagnetic
wave can be described by the dielectric function e(w) = &;(w) + ie,(w). The imaginary
part ,(w) of the dielectric function represents the absorption of the radiation induced by
the electronic transition between the occupied and unoccupied states. The imaginary part
&, (w) can be calculated from the electronic structure. Where the real part &, (w) can be

derived from the imaginary part &, (w) using Kramers-Kronig approach[47].

2me? N
@) = o> [N FNDESGE - B~ ho)dk®  (1.2)

CV Bz
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2 [ dg(®)
sl(a)) = 1+;Pf mda) (I.3)

0

Where, P is the principal value of the integral.

It is easy to deduce the other optical properties, such as the refractive index n(w), and the
extinction coefficient k(w), the absorption coefficient a(w) and the optical reflectivity
spectra R(w), after our knowledge of the real & (w) and imaginary &,(w) parts of the

dielectric function (w) by using the following equations:

11/2

n(w) = \/—1? :\/sf(w) + e2(w) + el(w)_ (1.4)
17 11/2 :
- 2 2 — L.
K(w) 7 -\/81 (w) + &5 (w) sl(a))_ (I.5)
B g(w)? -1 ?
1/2
a(w) =V2w [ \/812 (w) + e2(w) — sl(w)l (L.7)

1.7.1 Direct interband transition
Direct interband transition is the electronic transition from the valence band to the
conduction band or vice versa at the same electron’s k-vector. Where the emitted or absorbed
energy defined as:
hw = E; — E; (1.8)

Ef and E; represent the energies of the final and initial electron states.

1.7.2 Indirect interband transition
Indirect interband transition is the electronic transition from the valence band to the
conduction band or vice versa, with different values of K between the initial and the final

states. Other words, semiconductor will absorb or emit a phonon of energy fiw,pn in this

process:
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hw = Ef - Ei i hwphon (I 9)

Where: (+ sign) for emission and (— sign) absorption.

Conduction Band Conduction Band

Electron

\ Photon
Electron transition

Ehoton transition

Valence Band Valence Band

Figure 1.11. Direct and indirect interband transition

Back to ABS, materials, Ahmed et al [48] have calculated the dielectric function of pure
KNdS,, KHoS>, KErS; and KLuS». Azzouz et al [41] have calculated the optical properties
such as dielectric function and the optical reflectivity spectra R(w) for each NaEuS2, KEuSy,
RbEuS; and CsEuS,. As results of both studies, the optical properties of the studied
compounds are anisotropic. Their static dielectric constants vary between 3.88 and 5.7. For
each compound, the static dielectric constants along with xx direction are greater than along
zz direction. The reflectivity in the infrared and visible of AEuUS: (A = Na, K, Rb, Cs) is very

small between 7 and 13%. While it is very high in the ultraviolet region.
1.8 Elastic and mechanical properties

1.8.1 Elastic constants and mechanical stability

Understanding the elastic properties of materials is very important for their
application and advancement. Elastic stiffness constants Cj; are critical for assessing how a
solid responds under applied stress or, conversely, the stress required to maintain a given
deformation within the elastic limit. Elastic constants enable calculations of other
parameters related to mechanical properties such as bulk modulus B and shear modulus G.
which can give important information about the physical properties of materials like material

ductility, strength, mechanical stability, etc.
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Generally, there are two methods used to calculate the elastic constants (i) Stress-vs-strain
and (ii) Energy-vs-stain method. In this Thesis, the Stress-vs-strain method has been used
[49]. In this later, both stress o;; and strain &, have six components in total, three tensile
and three shear components. When a material is subjected to stress within its elastic limit,
the proportionate amount of produced strain linearly proportional with the applied stress i.e.
the ratio between the applied stress and the corresponding strain is constant (stress/strain =

constant). This known as Hooke's law:

o = z Cijk1€ki (1.10)
Tl

Where the indices 1, j, k et | take the values 1, 2 and 3. Hence, the elastic properties of
material described by a fourth rank of elasticity tensor 3* = 81 elements.
From The symmetry of the Cauchy stress tensor and the symmetry of the infinitesimal strain
tensor, we find that C;jx; = Cji; and Cyji; = Cijy. These two symmetries together called
the minor symmetries of the stiffness tensor, which reduces the number of elastic constants
from 81 to 36, can be arranged in a 6x6 matrix. Other symmetries called the major
symmetries of the stiffness tensor C;jx; = Cyy;;, this reduces the elastic contestants from 36
to 21 independent components. According to Voigt notation, the Hooke's law can be
expressed in matrix notation as:
01 Ci1 G Gz Cy G5 Cig &
/02\ Cr1 Cop (3 Cop (s (e /52\
_ 103 _| G (32 C33 (34 (35 C36 || €3
o | =

.11

Cor Ciz Cas Cas Cas Cug (11
Os Cs1 Csy; Cs3 Cs4 Css Cse |\ S5
O6 Co1 Coz Coz3 Coa Cos Cog €6

Any symmetry present in the structure can make some of these components equal and
others zero. Therefore, every structure system has its own elastic constants. For the ternary
rare-earth sulphides ABS; with a-NaFeO- structure-type (R-3m space group), the elastic
properties are described by six independent elastic constants namely: (C11, C12, C13, C14, Cas,
and Cas), since Ces = 1/2(C11—C12). After Born et al, material is mechanically stable in any
structure, its elastic constants should verify the mechanical stability criteria. In our case, the

mechanical stability criteria of a-NaFeO- structure defined as [50]:

1 1
Ci1 > |C12l; Cuq > 0,CH < EC33(C11 + C12),CL < 5C44(C11 — C12) (1.12)
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1.8.2 Elastic constants and mechanical Proprieties

Generally, knowledge of the elastic constants Cj, allow us to calculate the
macroscopic elastic parameters, for instance, the bulk modulus B, the shear modulus G. The
bulk modulus B, and shear G, can be determined by applying the VVoigt-Reuss-Hill relations
(VRH)[51-53]:

1
1
1
By = (5) [2(Cyy + Cyp) + C33 + 4Cy3] (1.15)
B, = ((C11 + C12)C33 — 2C122) (1. 16)
(C11 + Cyp + 2C33 — 4Cy3)
G = E{ [(C11 + C12)Cs3 — 2CE5]Ch4aCo } (1.17)
ko2 3By CysCo6 + ((C11 + C12)C33 — 2C122)(C44 + Cos) .
1
G, = (%) (7Cy1 — 5C1p + 12C4q + 2Ca3 + 4Cy3) (1.18)

Where V, R and H index represent respectively, Voigt, Reuss and Hill.

. The Young’s modulus (E) and Poisson’s (v) ratio can be calculated using the following
equations[54]:

9BG

- (1.19)
_1[B-(2/3)G

v E[B T (1/3)G (1.20)

Bulk modulus B: It may be defined as the ratio of normal stress (hydrostatic pressure) to
the corresponding volumetric strain is found to be constant. It is a measure of material

resistance to the change of volume.

Shear modulus or Rigidity Modulus (G): Is can be defined as the ratio of shear stress to

the corresponding shear strain.

Young’s modulus or module of elasticity (E): is the ratio of applied normal stress to the

longitudinal strain. It is a measure of the resistance of materials to uniaxial deformation.
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Poisson’s Ratio (v): It is the ratio of the lateral strain to the longitudinal strain. In addition,
it is a measure of the deformation of a material in directions perpendicular to the direction

of the applied stress.

The universal anisotropy index (4Y): is one of the most important materials property. For
a completely isotropic crystal, AV is equal to 0, while any deviation from 0 shows the degree
of elastic anisotropy possessed by a crystal. The universal anisotropy index AUV can be

evaluated using the following equation[55]:

AU=%+§—Z—6 (1.21)
Pugh ratio: It may defined as the measure of material ductility based on the calculated
parameters (bulk B, and shear G modulus). According to the empirical criterion of Pugh[56],
a solid is brittle if the B/G ratio is less than 1.75, otherwise the material behaves in a ductile

manner.
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CHAPTER I I

Theoretical and Computational

Backgrounds

The atomic interactions at the Angstrom-scales can be described by quantum mechanics.
At the heart of this is the many-body Schrodinger equation. However, it is impossible to
solve this equation directly, so approximations are required to allow ground state solutions
to be found of the studied systems. One of the most powerful and successful computational
methods is density functional theory (DFT), which is extensively used to solve puzzles of
many-electron problems in materials science. With a long continuous development since
1970s, the DFT approach has undoubtedly demonstrated its reliability in the prediction of
electronic structures and physical properties of materials at an affordable cost. Thus, it has
been considered as an extremely valuable standard determining the future of advanced
materials science. Without it, would be difficult to achieve understanding the basic nature
of materials, based solely on experimental strategies. In this chapter, we outline the
fundamental principles and methods applied to conduct all of the calculations in this thesis.
The first part describes the foundation of many-body problems in quantum mechanics.
Subsequently, we present a brief concept of the DFT method along with all associated

approximations that help to simplify the many-electron problems.
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1.1 The Many-body problem & Schrédinger Equation
As generally known, all physical matter is composed of combinations of

atoms, and each atom consists of fundamental particles, namely electrons and

nuclei. A large range of materials properties can be determined by describing ' }

]
. . Erwin Schrodinger

matter, which known as the many-body problem. In the quantum mechanical 18871961

the complexity of interactions between these large number of particles in

framework, motions of particles can be described by Schrédinger wave equation [1], which

expressed in the following form:

HY = EY¥Y (1.1)
The Hamiltonian H is taken the following form:

H=T,+ T+ Vop + Vo + Vi, (11.2)
With:

i 1 i#j (11.3)
_ ZIEZ _ l ZIZ]EZ
V;n - Zl,j |ri_RI|' Vnn - 221#] |R1—R]|

Where the first and second terms in equation (11.2) represent the kinetic energy operators for
the electrons and nuclei, respectively. The third, fourth and fifth terms are the potential
operators that describe interactions; electron-electron, electron-nucleus and nucleus-
nucleus, respectively. Replacing the Hamiltonian H (I1.2) in equation (I1.1) will be possible
to resolve exactly only for the hydrogen atom. While for a complex many-body problem,

several approximations are required.

1.2 Born-Oppenheimer Approximation:

The Born-Oppenheimer approximation idea [2], which is called also adiabatic, is that the
nucleus is 103-10° times heavier than an electron. Which can be considered relatively fixed
among a number of the moving electrons. This allows neglecting the kinetic energy of
nuclei, and the interactions nuclei-nuclei will be regarded as a constant to the total energy.

Finally, the effect of the nucleus can be taken as an external potential V.

—h?
2
Zmez v: ZZ |rl [+ Ver (11.4)

l-'/:]
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So, after Born-Oppenheimer approximation the complexity of the system become much

simpler. But it still too difficult to be solved.

1.3 Hartree-Fock method:
Hartree (1928) [3] considered that each electron is independent and
interacts with the other electrons in an average way. This means that, an n-

electron system becomes a set of no interacting one-electrons where each

electron moves in the average field of the rest.

D. Hartree
1897-1958

(CE B VF 4 Ve + Vi) W) = EW(D) (11.6)

V.: represents the interaction between electrons and nuclei, and Vy; is the Hartree potential.

Then, the wave function n-electron can be simply approximated as the product of n wave

functions of one-electron.

Fock in (1930) enhanced the Hartree method by introducing the antisymmetric principle of

the wave function in the form of Slater determination [4]. Where, two electrons cannot
occupy the same spin wave functions, and thus the Pauli’s principle is satisfied. The general

expression of the Slater determinant for an n-electron system is:

©1(r1)  @(r1) - @p(ry)
W(ry, 1y . 1y) = \/in_| ¢1§T2) (Pzgrz) (Pngrz) (11.8)
loi) 020 -+ @)

where v/n! is the normalization factor.

1.4 Density Functional Theory (DFT):

11.4.1 Hohenberg and Kohn theorems:
Hohenberg and Kohn[5] have proposed the first fundamental theorem of
DFT in 1964. With two main theorems:

1. The ground state energy of a system of interacting electrons in external

potential V,,.;(r) is a unique function of the electronic densityp(r).

W. Kohn
1923-2016
Nobel 1998

2. for any external potential, there exists a universal energy functional F[n].

The minimum value of the energy functional for a specific external potential V,,.(r) is the
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ground state energy where the density that minimizes the functional is the ground state

densityp, (1).

11.4.2 The Kohn-Sham equations:

Based on Hohenberg and Kohn theorems, the main idea of Kohn and Sham (1965) [6] to
solve the many-body problem, is to replace the interactive system by a non-interactive one,
assuming that gives the same ground state density as the real system. According to Kohn

and Sham one-particle equations can be written as:

(372 + Valp (] + Vere (1) + Veclp()]) 9:(r) = Esgpi(r) (119)

@, and E; represent the wavefunction and energy of electron i resepectively.
V is the kinetic energy of the independent electrons, Vy is the Hartree potential,

V.. is the exchange and correlation potential which can be written as:

Vxc = (1.10)

V. 1S the external potential created by the nuclei, and finally p(r) is the electronic density at

position r, defined by:

p() = Zi i M)pi(r) (11.11)
So, the exchange-correlation E,.. is the only unknown term in Kohn and Sham equitation. A
several different approximations have been made to describe this term. The next section

provides a description of some Exchange-Correlation functionals.

1.5 Exchange-Correlation Functionals:
11.5.1 The Local Density Approximation (LDA):

The local-density approximation (LDA), is the simplest method for describing the
exchange-correlation E,.. energy. The LDA approximation assumes that the charge density
on the atomic scale varies slowly and that inhomogeneous electronic systems can be
considered as homogeneous locally. Moreover, the exchange-correlation energy can take the

following form:

Ex24[p] = [ p(r)efES(p(r))dr (11.12)
eHEG (p): is the exchange-correlation energy per electron of a homogeneous electron gas
(HEG) of density p.
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Many different correlation functionals that have been made to complement LDA functional.
The most commonly used are CAPZ(Ceperley, Alder, Perdew and Zunger) [7] and VWN
(Vosko, Wilk and Nusair)[8]. Even though LDA is surprisingly successful in some case, it
has a serious problem, where becomes a poor approximation for energetic details, such as

bond energies, energy barriers, etc. Therefore, it is of limited use in materials sciences.

11.5.2 Generalized Density Approximation (GGA):

Further than LDA which considers the exchange-correlation energy only depending on
the densityp(r), the generalized gradient approximation (GGA) takes into account the
gradients of the electron density. Therefore, the exchange-correlation energy at a particular
point defence on both density p(r) and its gradients of density Vp(r). The exchange-

correlation energy with GGA approximation can be expressed as:

ESS4 p] = [ p(r)effA(p(r), Vp(r))dr (11.13)
In particular, the GGA-functional used in this thesis is that proposed by Perdew, Burke and
Ernzerhof (PBE) [9].

Generally, GGA has succeeded with almost all systems and corrects most of the overbidding
problems of LDA. Where it can give most the structural properties within a 1 to 3% error.
However, it has been suffering from some limitations. The most prominent we can mention
is the band gap underestimation commonly reaches up to 50% as a comparison to the

experimental data.

11.5.3 SCAN (Strongly-Constrained and Appropriately-Normed) functional:

The SCAN (strongly-constrained and appropriately-normed) functional has been
constructed recently in 2015 [10]. SCAN functional belongs to a class of meta-GGA
functionals, which use the kinetic energy density in addition to the density and the magnitude

of the gradient of the density.
of the gradient of the density.

EZEAN = drp(M)ee(p T (), p L (M), Vp T (1), Vp L (1), c 1 (r),td (1)  (11.14)

Where ¢, is the exchange-correlation energy density. The Kinetic energy density is defined as
following:

75(r) = i3 IVoi ()1 (11.15)

Where Vi,; are the Kohn-Sham single-particle wave functions. In the SCAN meta-GGA
functional, a new dimensionless variable is defined as function of the kinetic energy density:
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a(r) = ZO-T @) (11.16)

Tunif

T (r) is given by the weizsacker kinetic energy density,

w A 2
™ (r) = FE2- (11.17)
The uniform-density limit is defined as
TUnif (r) = = (3n2)2/3p(r)3/3 (11.18)

As matter of fact, SCAN meta-GGA has shown excellent performance. Where it has been
tested for different systems and properties with improved predictive accuracy over than LDA
and GGA functionals including solids [11-13], molecules [14], surfaces [15], and liquids
[16-18]. Further, previous studies have revealed that SCAN functional is a better choice than
PBE, LDA+U and PBE-based for the energetics and structural parameters[12]. Gives more
accurate predicting for transition pressures [19, 20], reactions energies, structure parameters,
volume and bulk modulus[21-23]. Also, SCAN showed an efficient prediction regarding the
structural, energetic and electric properties for conventional perovskite ferroelectric
materials [13, 24], accurate descriptions for the intermediate-range van der Waals (vdW)
interaction[15, 25, 26]. It correctly predicts that ice is less dense than water[17], which that
LDA and GGAs functionals have failed to do.

11.5.4 Hybrid functionals:

Since each approximation has its own strengths and drawbacks differently, a remarkable
strategy emerged for integrating the energy of exchange-correlation based on two different
methods, called hybrid functionals, which are a combination of the exchange-correlation E,..
within the standard DFT and the exact exchange E, in Hartree-Fock (HF) approach. Till

now, three hybrid functional formulations have been proposed:
- B3LYP (Becke, 3-parameter, Lee—Yang-Parr)[27]:

ERPMP = EPP4 4 ag(BYF — EXPN) + a, (EF4 — EPY) + EEP4 + a (BEC4 — EEP) - (1119)
Where ES64 and ES64 are, respectively, Becke’s exchange and Lee-Yang— Parr’s
correlation functionals in the GGA, while ELP4 and ELP4 denotes, respectively, the ordinary
exchange and Vosko-Wilk—Nusair’s correlation functionals in the LDA. The mixing
parameters: ap = 0.20, ax = 0.72, ac = 0.81.

- PBEO [28]:
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EPBEO — iEQIc—IF + %E,fBE + EPBE (11.20)

Where EFF s the Hartree—Fock exact exchange functional, EFBE and EFBE are, respectively,

the exchange and correlation in PBE functional.

- HSE (Heyd-Scuseria—Ernzerhof)[29]:
EHSE(w) = aE)IC-IF,SR(w) +(1- a)E)FC’BE,SR(w) + E)I;BE,LR(O)) + EPBE (11.22)

Where SR and LR stand for the short-range and long-range components, respectively. « is
a mixing parameter and w is an adjustable parameter controlling the short-rangeness of the

interaction. For HSE06 a and w are 0.25 and 0.2A~1, respectively.

1.6 Computational methods

11.6.1 Bloch’s Theorem and Plane Wave Basis Sets
The real bulk material is an infinite number of electrons moving in the
static potential of an infinite number of ions. This leads to a very big

domain of the wave functions in the entire space in the crystalline.

Therefore, it still difficult for DFT to solve the problem. According to
F. Bloch
Bloch’s theorem, and based on the periodic nature of the crystals[30, 31]; 1905-1983

it is possible to represent these wave functions based on the plane-wave basis set with a

periodic function,

() = ™ (1) (11.22)
The k denotes a reciprocal vector of a Bravais lattice in the first Brillouin

zone. ¢, (r) is the periodic function of the crystal lattice which can be

expanded in Fourier series as following:

Pix() =X Cigec” (11.23)

M. Brillouin
With, G is a wavevector within the first Brillouin zone and C; ; is the plane wave 1854-1948

coefficients. The full wave function takes the form;

1 .
9k = =20 Caraye 7 (11.24)

V.11 1S the volume of the unit cell.

By the use of Bloch's theorem, another problem will be created, i.e., expressing the wave

function in terms of an infinite number of reciprocal space vectors within the first Brillouin
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zone. However, as the wave function varies slowly, in other words, the wave functions for
the values k over small regions of k-space are almost identical. Therefore, a finite number
of distinct k-points can be sampled, which essentially represent a whole k-space. In practice,
we determine the sufficiently high number of k-points of the studied system from the

convergence in its total energy.

11.6.2 Pseudopotentials:

The key points are that the core electrons shielded by the valence electrons, as well the
most physical properties are more depending on the valence band. Therefore, the system can
be divided into two groups, effectively freezing the nucleus and the core electrons together,

and valence electrons.

One might say that electrons are all the same as each other in an atomic system in the sense
that they normally have the same mass, charges, spin-ups and downs, etc. Yet their role,
depending on where they are, is very different. As atoms get together to create a solid, the
core electrons stick tightly to their nucleus in a deep potential well and remain unchanged
under certain situations, the core electrons stay that well and rarely contribute in any change
of the system. In other terms, they are so localized and only oscillate rapidly because of the
strong Coulomb potential by nuclei, where they do not notice whether they are in an isolated
atom or in a solid. Thus, when isolated atoms are brought together to form a material, the
core electrons' contribution to bonding is minimum. On the contrary, the valence electrons
far from the nucleus and their potential well are rather independent and quite active in
everything. They are responsible for forming bonds, conducting electricity, being ionized,
forming bands, and performing other atomic activities. In metals, they can even be moving

in the whole solid.

In practice, the pseudopotentials are constructed by Choosing a proper re, where the
pseudopotential and the pseudo-wave functions must be identical to the true potential and

all-electron wave functions for r > re.
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11.6.3 Norm-conserving Pseudopotentials:
Hamann et al (HSC) first proposed Norm-conserving pseudopotential in 1979 [32] and
further developed by Kleinman and Bylander [33]. Here, the pseudo- and all-electron charge

densities within the core are constructed to be equal for r < ..

Jy1®pp (M) 2dr = [|Wap(r)|2dr (11.25)

Wop (1) is the pseudo wave function and W,z () is the all electron wave function.

11.6.4 PAW method:

Projector Augmented Waves (PAW) method first proposed by Blochl (1994) [34]. Where
unifies the efficiency of pseudopotentials and the accuracy of the all-electron potential.
Since wave functions oscillate rapidly near the nucleus due to the requirement that they be
orthogonal to core states; which requires many Fourier components to describe the wave
functions accurately. The PAW approach transforms these rapidly oscillating wave

functions into smooth wave functions.

The linear transformation 77 which describe the relation between all-electron wave function

¥, and the smooth wave function @,
|¥) =T|P) (11.26)
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With

T=1+Yr7% (1.27)
Not that 7" acts only inside the core region (), while the all-electron (AE) and pseudo

(PS) must be identical outside.

Inside the core region, it is possible to expand the pseudo waves into spatial waves partial

waves

P =3 ldi)c (11.28)

The all-electron wave function then can take be expressed

¥) =T1%) = |$i)c; (11.29)

c; are linear functions of the pseudo wave functions take the following form:

¢ = (Pi| 1) (11.30)
We consider
Y ld:iNpil = (11.31)
Which implies that
(D:|#;) = 8y (11.32)

So the linear transformation we can write as:

T =14 X:(I¢:) — 1) (Bl (11.33)

The final form of all-electro wave function given in (2.29) is:

| W) =1P) + Zi(ld0) — 19 (Bl P) (11.34)

11.6.5 Softwares and input files:
Until date, many codes based on DFT to solve the equations in a self-consistent manner

have been developed. Each code has different strengths and weaknesses. We can mention

as an example:

» Plane-wave pseudopotentials (PW-PP) software like VASP[35], CASTEP[36] and
QUANTUM ESPRESSO[37].

» All-electron software like Wien2k[51] and EIk[38].

» Linear scaling software like ONETEP[39].

All the calculations in this research have been done using both CASTEP and VASP codes.
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11.6.6 CASTEP package:

CASTEP (Cambridge Serial Total Energy Package) is an
«CASTEP

academic and commercial software package, which uses density

functional theory (DFT) or Hartree-Fock (HF) scheme with plane-wave pseudopotential (PW-
PP). It treats materials as periodic supercell, which makes it most suitable for crystal solids
simulation. However, it can also be used for surfaces, molecules, liquids and amorphous
materials. It could be applied to calculate a huge range of material properties including
Energies and enthalpies of electronic systems, Structural properties (lattice parameters and
atomic positions), electronic properties, vibrational and thermodynamic properties. On the
other hand, by using CASTEP a wide range of spectroscopic features such as infra-red and
Raman spectroscopies, NMR, and core level spectra, which link directly to experiment can

be determined.

The first version was written in Fortran 77, by TCM Group of the Cavendish Laboratory in
Cambridge University in the late 1980s and early 1990s. Form 1999-2001was completely
rewritten using Fortran 95 and MPI by researchers at the Universities of York, Cambridge,
Durham, St. Andrews, and Rutherford Labs.

11.6.7 VASP code:
The Vienna ab-initio Simulation package (VASP) is a software

package for performing ab initio and quantum molecular dynamics o~
(MD) calculations based on density functional theory (DFT) or

Hartree-Fock (HF) scheme, with the plane-wave (PW) basis set. Pseudopotentials approach
(PP), or the projector augmented wave method (PAW), are used to describe the interactions
between ions and electrons. VASP relaxes the atoms into their instantaneous ground-state
by calculating Forces and the full stress tensor. A rather “traditional” and "“old fashioned"

self-consistency cycle are used to calculate the electronic ground-state.

For a standard production runs, VASP needs four major input files written in uppercase:
INCAR, POSCAR, POTCAR and KPOINT.

The INCAR file is the central input file of VASP. Contain a range of keywords (tags) by set
each tag in one line or several tags on a single line (tag = value or word) separated by a
semicolon ;. By means of these tags, we can determine the kind of calculation (static
calculation, geometry optimization, DOS, dielectric properties...), and how to do it (required

precision, requested convergence, functional, algorithms...).
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The POSCAR file contains all the information on the starting lattice geometry including

crystal structure type, lattice parameters and ionic positions.

The POTCAR file contains the relevant information concerning the pseudopotentials for
each atomic species used in the calculation. If the system contains more than one atomic
species, the corresponding POTCAR files should have all the pseudopotentials of atoms,

concatenated in the same order as the atomic species are given in the POSCAR file.

The KPOINTS file is used to specify the Bloch vectors (k-points) that will be used to sample

the first Brillouin zone in the calculation.
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CHAPTERI I I

Stuay of ternary ABS; (A= K Rb; B=5c, Y, La and Lu)

I11.1 Introduction

Wide bandgap (WBG) and ultra-wide bandgap (UWBG) semiconductors, is a modern
area of research that is exciting and demanding in materials sciences and applications. This
kind of semiconductors has potential advantages over than narrower-bandgap in many
relevant fields like; deep-UV optoelectronics high-power and RF electronics, as well as in

transparent semiconducting, and quantum information, power switching and power
amplifier applications as well [1-10].

Recently, very interesting ultra-wide bandgap (UWBG) semiconductors ABS: (A= alkali
metal and B = rare earth metal), have been investigated. These ternary materials are
promising candidate for a lot of applications for including infrared windows materials, Na-
ion batteries, and some of them have excellent semi conductive behaviors [11-20]. In recent
researches, ABS; compounds with A=K and Rb, have become the subject of interest, they
have been intensively searched for their scintillation and luminescence properties, due to
their potential applications for X-ray and white LED phosphors, when doped with rare-earth
elements[21-27]. The isostructural compounds KScS2, KYS2, KLaSz, KLuS2, RbScS2, and
RbLuS2 have been synthesized by achemical reaction in an electric resistance furnace under
the flow of hydrogen sulfide in the crystalline hexagonal platelets form. Their crystal
structures were determined by X-ray powder diffraction, these results are reported in [28,
29]. Their experimental band gaps are 4.01 eV, 3.82 eV, 4.03 eV, and 4.00 eV in KYS,
KLaS2, KLuS2, and RbLuS: [30], respectively. No experimental band gap reported for
KScS2 and RbScS: in the literature. The theoretical band gap of KScS2, KYS2, and RbScS»
are 2.89, 3.37 2.88 eV[31], respectively, and 2.39 for KLuS2 [32]. The optical properties of
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RE-doped ternary sulfides ABS: (A= K, Rb. B=Y, La, Gd, and Lu. RE=Ce, Pr, Sm, Eu, Tb,
Tm) were investigated by means of electron paramagnetic resonance, X-ray excited
fluorescence and me-resolved Iluminescence spectroscopy [30, 33, 34], where KYS:2 and
KLaSz, KLuS2, RbLuUS, showed prospective applications for X-ray phosphors and materials
for white LED solid-state lighting. Theoretically, KScS2, KYS2and RbScS2 was studied for
p-type transparent electrodes using hybrid functional (HSEO06) [31].

To the best of our knowledge, the physical properties of pure KScSz, KYS2, KLaS»,
KLuS2, RbLuS2, and RbScS:, are still obscure. Our ambition is to offer additional
information on the physical properties of these materials from the first-principle
calculations, which can be used to reveal the potential technological applications of these
ternary materials. In this chapter, comparative investigations of the structural, elastic
properties, electronic structures, optical constants and thermodynamic properties of KScSp,
KYS2, KLaS2, KLuS2, RbScSz, and, RbLuS: are carried out using density functional theory
(DFT) calculations and the quasi-harmonic Debye model.

111.2 COMPUTITIONAL DETAILS
In order to get theoretical insight into the ground state properties, the density

functional theory (DFT) based calculations have been performed using pseudopotential
plane-wave approach (PP-PW), implemented in the CASTEP code [35]. The exchange—
correlation effects are considered as both generalized gradient approximation in the form of
Perdew—Burke—Ernzerhof (GGA-PBE) [36], and local density approximation of Ceperley
and Alder as parameterized by Perdew and Zunger (LDA-CAPZ) [37, 38]. It has been
reported in the -literatures that both LDA and GGA underestimates the band gaps [39],
therefore, Becke, 3-parameter, Lee—Yang-Parr hybrid functional (B3LYP)[40] has been
employed for better accuracy in the electronic structure and optical properties of the
investigated materials. The interactions of ion cores with valence electrons are modeled
using norm-conserving pseudopotentials [41]. The K-3s? 3p® 4s!, Rb-s? 4p® 5s1, Sc-3d? 4s?,
Y-4d! 552, La-5d! 6s2, Lu-4f14 552 5p6 5d! 6s2, and S-3s2 3p* electron states are considered
explicitly as valence electronic states. The energy cut off of plane waves is set to be 1200
eV for GGA-PBE and LDA, and 400eV in case of the hybrid functional B3LYP. We have
sampled the Brillouin zone using a 8x8x%6 Monkhorst-Pack special k-mesh [42] for GGA-
PBE and LDA, while 3x3x2 mesh is used in case of B3LYP functional. The convergence
tolerance is set to 1 x 107 eV/atom, the maximum ionic force, maximum stress and

maximum displacement are less than 1 x 107* eV/A, 1x 107* GPa and 1 x 107* A
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respectively. Single elastic constants Cij are determined by applying the stress—strain
approach [43] based on Hook's law, with the following convergences criteria: 107 eV/atom
for the total energy precision, 0.002 eV/A for ionic Hellmann-Feynman force, and 1 x 10~*

A for maximum ionic displacement.

111.3 Structural properties

As we have mentioned previously (Chapter 1), the ternary semiconductors KScSz, KYS;,
KLaS2, KLuS2, RbScS2 and RbLuS2, adopt the layers” rhombohedral structure (space group
R-3m, number 166) described by a =b =canda = =y # 90°. The premetive cell of
this structure contains a single formula figure 111.1. Here in ABSg, all A, B, and S atoms are
surrounded by six atoms, the alkali metal (K and Rb) and rare earth atoms by six sulfurs
(ASe, and BSe octahedral), while the sulfur atom is surrounded by three alkali atoms and
three rare earth atoms[44-46]. This structure often described by hexagonal system, where
one conventional unit cell in the hexagonal crystal contains three rhombohedral primitive

unit cells (figure 111.1).

a¢ p

Figure 111.1: schematic representation (a) Hexagonal conventional unit cell and (b)
rhombohedral primitive unit cell of ABS:.
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The first important step in an ab-initio calculation is the determination of the structural

properties of the considered material. Knowledge of this information allows us to investigate

the other physical properties (electronic, optical, thermodynamic, etc.). The ground state
structural parameters of KScSz, KYS2, KLaS;, KLuS2, RbScS; and RbLuS2 materials are
optimized at 0 GPa and 0 K, using the Broyden—Fletcher—-Goldfarb—Shanno [BFGS]

algorithm [47]. Table 111.1 summarizes the equilibrium lattice parameters a and c, volume

of unit cell, interatomic distance and the ratio c/a, of the studied materials using both LDA

and GGA-PBE functionals, along with corresponding experimental values [28].

Table I11.1: The calculated unit-cell parameters (a and c, in A), the lattice parameter ratio

c/a, the internal parameter z(S), unit-cell volume (V in A3), interatomic distance (A*-S and
B3+-S, in A), and thickness of cationic layers (n(A*Se) and h(B3*Se), in A).

cla

2(S)

A-S*

B-S*

h(ASe)**

h(BSe)**

Method
GGA
LDA
EXP
GGA
LDA
EXP
GGA
LDA
EXP
GGA
LDA
EXP
GGA
LDA
EXP
GGA
LDA
EXP
GGA
LDA
EXP
GGA
LDA
EXP
GGA
LDA
EXP

28], P[29], ©:[48]
*d?(X - S) =a® +-h?(XS,). Here X = A or B

= h(4s)2¢ (1= 2(9)), h(BSg) = c(22(5) - b

KScS>
3.852
3.785

3.8112

21.854

21.250

21.719

5.67342

5.61427
5.699

0.2308

0.2329

0.2311

280.82

263.64

273.18
3.156
3.053
3.125
2.629
2.600
2.608
4.479
4.265
4.439
2.805
2.818
2.800

KYS;
3.973
3.920
4,022°
22.03
21.389
21.884
5.545
5.456
5.441
0.2332
0.2358
0.2344
301.19
284.63
306.51
3.182
3.078
3.174
2.722
2.703
2.755
4411
4172
4.328
2.931
2.957
2.966
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KLaS>
4171
4.125

4,265°

22.061
21.330
21.929
5.289
5171
5.141

0.2350

0.2377

0.2372

332.40

314.31

345.47
3.241
3.136
3.242
2.841
2.823
2.907
4.338
4.080
4.217
3.015
3.030
3.093

KLuS?
4.023
3.898
3.949°
22.096
21.370
21.871
5.492
5.482
5.538
0.2338
0.2348
0.2337
309.70
281.20
295.37
3.197
3.081
3.154
2.757
2.681
2.710
4.395
4.209
4.358
2.970
2914
2.932

RbScS

3.876
3.802
3.830°
22.682
22.117
22.656
5.852
5.817
5.915
0.2280
0.2300
0.2281
295.10
276.87
287.81
3.27
3.168
3.251
2.636
2.604
2.613
4774
4.568
4.768
2.786
2.804
2.784

RbLuS?
4.048
3.915
3.991°¢
22.943
22.253
22.838
5.668
5.684
5.722
0.2309
0.2318
0.2303
325.58
295.38
315.03
3.314
3.196
3.293
2.763
2.685
2.724
4.699
4519
4.706
2.949
2.898
2.906
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As can be seen from Table I11.1, our values of structural parameters obtained either by GGA
or by LDA are in excellent concordance with the experimental values. In addition, Table
111.1 confirm that switching from LDA to GGA improves the results found compared to the

experimental data; better results are obtained with the GGA method.

The relative deviation of the optimized volume cell V in KScSz2, KYS2, KLaS2, KLuSz,
RbScS2 and RbLuS2, employing GGA (LDA), are less than 02,79 % (3,49 %), 01,73 %
(07,14 %), 03,78 % (09,02 %), 04,85 % (04,79 %), 02,53 % (03,80 %), and 03,35 %(06,24
%), respectively. We can conclude that this computational methodology is reliable and can
be employed to investigate other physical properties as well. It can be noticed from the table

that, material with larger atomic size has larger unit-cell parameters.

I11.4 Elastic properties

Elastic constants are very important quantities to describe the mechanical properties of
materials. They are evidently and directly employed to evaluate the elastic strains or energies
in materials under stress of various origins: external, internal, thermal, etc. Values of elastic
constants provide valuable information on the structural stability, the bonding characteristic
between adjacent atomic planes, and the anisotropic character of the bonding, determining
the strength of the material [49, 50]. The rhombohedral (R-3m) structure is described by six
different elastic constants namely: (Cii, Ci2, Ci3, C14, C33,and Caa), since Ces = 1/2(C11—
C12). The evaluated elastic constants Cjjfor the optimized crystal structures of KScSz, KYSz,
KLaS2, KLuS2, RbScS2 and RbLuS2 materials using GGA and LDA are depicted in Table
111.2. Till date, there are neither experimental nor theoretical results existing in the literature,
for the elastic constants of the considered semiconductors to be compared with our
theoretical results. All the Cij are positive and satisfy simultaneously the mechanical

stability criteria of a rhombohedral crystal [51]:
Ciy > |Cppl5 Cay > 0, C123 < %C33(C11 + Cy,), C124 < %C44(C11 — C13) = Cyy + Cog
(11.1)

The elastic constants Ci1 and Cass, reflect the resistance of crystals to the linear
compression along [100] and [001] directions respectively. Where, the larger value
indicating the high resistance to the uniaxial stress. While, resistance ability against shear
deformation along the [001] and [110] directions on the (100) plane, can be described by the
elastic constants Cas and Ces, respectively[52, 53].
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Table 111.2: Calculated elastic constants (Cij, in GPa) for KScSz2, KYS2, KLaSz, KLuS,
RbScS2 and RbLuS: using two functional GGA and LDA.

Cu Css Cus Cio Cis Cus Ces
KSeS GGA 96.55 88.23 29.45 27.03 25.86 9.85 34.76
cS2
LDA 106.29 97.91 37.36 30.51 32.78 14.00 37.89
KYS GGA 100.57 79.02 34.47 25.49 25.68 11.82 37.54
2 LDA 107.59 88.52 35.72 27.83 31.22 13.92 39.88
KLaS GGA 93.86 62.92 28.46 22.64 22.25 10.28 35.61
a2
LDA 99.47 68.9 29.85 26.29 27.88 10.74 36.59
KLUS GGA 90.09 71.90 28.18 23.78 24.29 9.86 33.16
uS2
LDA 105.84 86.21 37.33 27.81 33.24 15. 50 39.01
GGA 89.35 91.12 28.57 25.33 24.89 9.59 32.01
RbScS
LDA 98.56 107.77 38.55 29.14 33.89 14.17 34.71
GGA 82.97 76.81 26.26 22.02 23.57 9.44 30.47
RbLuS>
LDA 97.19 94.93 37.77 25.75 32.68 15.43 35.72

The studied materials are characterized by a high value of C11 and C33 compared to the other

elastic constants. Which means that they are more resistant to unidirectional compression
than to shear deformations.

For all the considered compounds, the elastic constant Ci1 value is slightly larger than Cas3
indicating that the resistance for compression along the [100] direction is larger than that
along the [001] except for RbScS2 which has Cass larger than Ci1. However, can notice that
the difference value between Ci:1and Cas, increase along KScSz< KYS2< KLuS, < KLaS».
Which is in fact with increase the ionic radii of the trivalent cation (see table S2 in the

annexe). For all the studied materials C66 > C44, suggests that [100](001)shear is easier
than shear [100](010).

The elastic constants obtained by the LDA calculations are relatively higher than those
obtained by GGA method. This can be explained by the fact that the values of the lattice

parameters and the interatomic distances calculated by the GGA are relatively greater than
those calculated by LDA.

It is well-known, that the elastic constants Cij, allow us to calculate the macroscopic elastic
parameters, for instance, the bulk B and the shear G modulus. The bulk modulus B, and shear
G, can be determined by applying the Voigt-Reuss-Hill relations (VRH) [54-56] (chapter ).
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The Young’s modulus E and the Poisson's ratio v can be evaluated employing the
equations[57].

The calculated values of these aforementioned parameters are listed in Table I11.3. The bulk
B and the shear G modulus represent the volume change of crystals under pressure and the

shape deformation under shear forces, respectively. The larger value of B and G
corresponding to the most incompressible and least shape change, respectively[58, 59].

Table 11.3: bulk modulus (B, in GPa), shear modulus (G, in GPa), Young’s modulus (E, in
GPa), Poisson’s ratio (v, dimensionless), and B/G ratio, using GGA and LDA.

B r Bv By Gr Gv Gy E v B/G
GGA 48.76 48.66 48.71 32.24 29.56 30.90 76.51 0.238 1.57
oo LDA 55.85 55.81 55.82 36.82 32.63 34.72 86.28 0.242 1.61
GGA 48.21 47.65 47.93 34.85 31.59 33.22 80.96 0.22 1.44
e LDA 53.81 53.52 53.66 36.49 32.25 34.375 84.979 0.236 1.56
GGA 42,77 41.35 42.06 30.74 27.53 29.136 71.01 0.22 1.44
e LDA 47.99 46.77 47.38 31.64 28.33 29.98 74.28 0.238 1.60
GGA 43.15 42.63 43.87 30.07 27.39 28.51 70.30 0.233 1.54
bz LDA 54.06 53.80 53.93 36.31 31.18 33.75 83.76 0.241 1.60
GGA 46.67 46.67 46.67 30.81 28.14 29.48 73.05 0.239 1.58

RbScS2
LDA 55.41 55.21 55.31 36.23 31.70 33.95 84.56 0.245 1.63
GGA 42.34 42.31 42.33 28.17 25.49 26.83 66.46 0.238 1.58

RbLuS2

LDA 52.392 52.37 52.38 35.46 30.26 32.86 81.53 0.240 1.59

The computed bulk modulus B, shear modulus G, and Young’s modulus E of KScSy,
KYS2 and RbScS: are slightly larger than those of the other compounds, indicating that
KScS2, KYS2 and RbScS: are having more resistance to volume change under applied
pressure, and for reversible deformation upon shear and uniaxial stress. However, for all the
studied materials, the calculated Poisson's ratio v is about 0.22, explaining the ionic
character of the these compounds[60]. Besides, Pugh ratio is the measure of material
ductility based on the calculated parameters (bulk B, and shear G modulus)[61]. According
to the empirical criterion of Pugh[62], a solid is brittle if the B/G ratio is less than 1.75,
otherwise the material behaves in a ductile manner. From the table the B/G ratio of KScSp,
KYS;, KLaS2, KLuS2, RbScS2 and RbLuUS: are less than 1.75, which confirms that these

materials are brittle in nature.
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Elastic anisotropy is one of the most important materials properties, which reflects the
interatomic bonding character in the different crystallographic directions. However, an
appropriate description of the elastic anisotropy, allow for exploring micro-cracks and assess
mechanical durability of material as well as helping to improve the mechanical properties
of solids [63, 64]. In the present work, to investigate the elastic anisotropy of KScS2, KYS,,
KLaSz, KLuSz2, RbScS2 and RbLuS2, we have used the following approaches;

1. The universal anisotropy index AY. Fora completely isotropic crystal, AY is equal to
0, while any deviation from 0 shows the degree of elastic anisotropy possessed by a
crystal. The universal anisotropy index AY can be evaluated using the following
equation[65]:

AV =5’G—Gg+§—2—6 (11.2)
The calculated values of the universal anisotropy index AY at 0 GPa for KScS2, KYSz,

KLaS2, KLuS2, RbScS2 and RbLuUS: are presented in Table 111.4. Our calculated results

reveal that the studied materials are having certain degree of elastic anisotropy. The elastic

anisotropy is increasing from KScS2 — RbScS, — KLuS2 — RbLuS2 - KYS2 —» KLaS2

with increasing the atomic size of the constituent atoms for each compound.

Table 111.4: Calculated Elastic anisotropic indexes (universal anisotropy index AY, elastic
anisotropy in compressibility (4z) and shear (4,;) of KScSz, KYS2, KLaSz2, KLuSz, RbScSz
and RbLuS materials, using GGA and LDA.

Compound  method AY Ag (%) Ag(%)
GGA 0.455 1.026 434
KScS2
LDA 0.642 0.036 6.03
GGA 0.527 0.58 491
KYS2
LDA 0.662 0.27 6.17
GGA 0.617 1.69 551
KLaS2
LDA 0.612 1.29 552
GGA 0.517 0.61 4.662
KLuS:
LDA 0.826 0.24 7.602
GGA 0.475 0 453
RbSCS2
LDA 0.722 0.18 6.67
GGA 0.525 0.035 4.99
RbLUS?
LDA 0.861 0.021 7.91

2. Compressible (A) and shear (4;) anisotropies[66, 67]:
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— By—Br
Ap = 515y (11.3)

— Gv—Gr
6= are (111.4)

Ay = 0%and A; = 0 % means isotropic material, any deviation from 0 % indicating the
degree of anisotropy. Firstly, from table I11.4, the calculated anisotropy indexes (A4z) and
(A;) show that the studied materials are anisotropic in shear much more than in
compressibility.

I11.5 Electronic properties

As we have seen previously, in periodic systems, the energy of a band varies as a function
of k. The energy maximum of the valence band (VBM) and the minimum of the conduction
band (CBM) of each band are generally found on the points and axes of high symmetry of
the reciprocal lattice. The electronic band structures of KScS2, KYS2, KLaS2, KLuSz,
RbScS2 and RbLuS2 materials have been determined using three different functionals, LDA
(CA-PZ), GGA (PBE) and B3LYP. Due to the similarity, in figure 111.3, only the computed
band structures of KScS2 using the three different functionals, LDA (CA-PZ), GGA (PBE)

and B3LYP along the high symmetric lines in the first Brillouin zone (Figure 111.2) are
presented.

©
¢
Figure I11.2: Brillouin Zone of primitive cell of ABS2 with rhombohedral structure

(space group R-3m number; 166)
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It is apparent that no overlap between the valence and conduction bands around Fermi
level, which is taken as zero-energy. The valence band maximum is situated atthe I" point,
center of the Brillouin zone, while the conduction band minimum is located at the F point,
this allows us to classify the considered compounds as indirect band gap semiconductors.
From figure 111.3 we can observed that the calculated band structures using LDA, GGA-
PBE and B3LYP are very similar in general shape, except the width of the band gap.
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* 7 ) o
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10 4 o o ] 10
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Figure 111.3: The calculated band structures of KScS2 using LDA, GGA-PBE and B3LYP

functionals.

The calculated band gap values of KScSz, KYS2, KLaS2, KLuS2, RbScS, and RbLuS:
materials using three different functionals along with the available theoretical and
experimental data are illustrates in table 111.5. As aresult, both LDA (GGA) considerably
underestimate the electronic band gap energy as 50-56 % (40-45 %), respectively. While the
band gap values calculated by B3LYP functional are in good agreement with experimental
results, Except for RbLuS2, it seems that B3LYP did not give good results where the

underestimation is 31 %. Furthermore, from table 111.5 we can see that our B3LYP results
is much better than the other available theoretical one.

52



Chapter 1 Study of ternary ABS; (A=K, Rb; B=Sc, Y, La and Lu)

Table 111.5: the calculate band gap of KScSz, KYSz, KLaS2, KLuS2, RbScS2 and RbLuS:
using LDA, GAA-PBE AND B3LYP together with the available theoretical and
experimental.

LDA GGA(PBE) B3LYP Theoreticall Expérimental

KYS,  1.859 2.276 3.848 3.37¢ 4.01°
KLaS, 1.86 2.186 3.815 - 3.82°
KScS, 1.710 2.30 3.638 2.89° -
KLuS, 2.001 2.415 3.323 2.39° 4.03°
RbScS, 1.632 2.214 3.520 2.88° -
RbLuS, 1.899 2.334 2.725 - 4.00°

a31] P[32] ¢[30]

Due to the similarity between the calculated total density of states (TDOS) and partial
density of states (PDOS) of the studied materials, only the results of KScS2is presented in
Figure 111. (4): in the energy interval between -15and 15 eV employing LDA, GGA-PBE
and B3LYP functional. One can clearly see that the K and Rb states for these compounds
make almost no contribution around the Fermi level. Therefore, the electronic properties of
KScS2, KYS2, KLaSz2, KLuS2, RbScS2 and RbLuS2 are mainly determined by the [BSs]
layers. The DOS diagrams are relatively similar, indicating the resemblance in chemical
bonding.

The valance band of the considered compounds can be mainly divided into three main
regions, the lower region (a), which is centered almost at -14 eV, -13.7 eV, -13.4eV, -13.7
eV, -12.3, and -12 eV for KScS2, KYS2, KLaS2, KLuSz, RbScS; and RbLuUS2, respectively
(using B3LYP), is mainly originated from K-p (Rb-p) states. The second region (b) of
KScS2, KYS2, KLaS2, KLuS2, RbScS; and RbLuUS2, which is centered at nearly -11.9eV, -
11.6eV,-11.27 eV, -11.8¢eV, -11.1eV, and -10.5 eV, respectively, is composed of the S-3s
states. Finally, the region (c) which below the fermi level Er of ABS2 consists S-3p with
small contribution from B-d states. As for the bottom of the conduction band is mainly

composed of B-d states with a weak contribution of S-p.
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Figure 111.4: Total density of states (TDOS) and partial density of states (PDOS) of the
KScS2 compounds using LDA, GGA-PBE and B3LYP functionals.
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111.5.1 Mulliken charge population analysis:

Mulliken population analysis method [68] is an essential aspect to understand the bonding
behavior of the crystal. Thus, we have calculated the charge transfers and bond populations
via Mulliken population analysis of KScSz, KYS2, KLaS2, KLuS2, RbScS2 and RbLuS2
crystals using two different functional GGA-PBE and LDA. The obtained results are
summarized in table [111.6. The charge transfers are from A=K orRb and B =
Sc,Y,La or Luatoms to S atom for all considered compounds. Based on the results in table
I11.6 the effective valence state of KScSz, KYS2, KLaS2, KLuSz, RbScS2 and RbLuS:
materials using GGA-PBE (LDA) are KO0.705c0-59(S-064), KO0.74y058(S-0.66), |K0.66] 50.81(S-
0.74), K070 (f0-44(S-057), Rb0.74Sc057(S0-65),, and RbO77Lu0-38(S0-57),. While, LDA suggest
the following effective valence state; KO0-73Sc0-55(S-0.64), [K0.73Y0.54(S-064), K0.66] 50.75(S:

0.70), K071 (f0.40(S-0.56), RR0-78Sc0-51(S-065), and Rb0-78Lu9-33(S-0-56),,

Table 111.6: Calculated Mullikan charges (in electrons), bond lengths (in A) and bond populations
for the KScS,, KYS,, KLaS,, KLuS,, RbScS, and RbLuS, compounds, using GGA-PBE and LDA

functionals.
Compound Atom Charge(e) Bond Population

GGA LDA GGA LDA

K 0.70 0.73 K-S 0.15 0.10

KScS» Sc 0.59 0.55 Sc-S 1.30 1.34
S -0.64 -0.64 - - -

K 0.74 0.73 K-S 0.12 0.08

KYS> Y 0.58 0.54 Y-S 1.38 142
S -0.66 -0.64 - - -

K 0.66 0.66 K-S 0.21 0.18

KLaS> La 0.81 0.75 La-S 1.17 1.20
S -0.74 -0.70 - - -

K 0.70 0.71 K-S 0.15 0.11

KLuS> Lu 0.44 0.40 Lu-S 1.35 1.137
S -0.57 -0.56 - -

Rb 0.74 0.78 Rb-S 0.08 0.01

RbScS: Sc 0.57 0.51 Sc-S 1.33 1.37
S -0.65 -0.65 - - -

Rb 0.77 0.78 Rb-S 0.07 0.01

RbLuUS> Lu 0.38 0.33 Lu-S 1.40 143
S -0.57 -0.56 - - -

The overlap population may be used to assess to identify the nature of bond character

(covalent or ionic). Generally, the zero value of the bond population indicates an ideal ionic
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bond while the high positive value implies a high degree of covalency of the bond [69]. The
obtained values of the bond population demonstrated in table 111.6 corroborates the ionic-
covalent mixed bond of K-S and Rb—S bonds for all compounds, whereas B-S bonds are

having more covalent character. This results are similar to that fond in the isostructural
materials RbXSe2[70].

111.6 Optical properties

The complex dielectric function: e(w) = &,(w) + ie,(w) describes the optical
properties of materials, it represents the response of material to an electromagnetic wave. In
order to correct the underestimated band gap using LDA and GGA functionals, we have
applied the hybrid functional B3LYP to calculate the optical properties. The real ¢, (w), and
the imaginary &, (w) parts of the dielectric function e(w)for incident light polarized along
the main crystallographic directions [100], and [001] are plotted in Figure 111.5. Due to the
absence of experimental results and no other theoretical work have been reported till now,
to the best of our knowledge, our findings may serve for a reference for future works on

these materials.

One of the observations is that the KScS2 and RbScS: are having similar behavior of the
dielectric function with small shift as result of the difference between their band gaps Eg
(Table 111.5). Furthermore, KLuS2 and RbLuS: also have similar appearance of the
dielectric function. Thus, here the alkali metal has no effect on the optical spectrum shape.
However, we can observe remarkable differences between the real part &, (w)and the
imaginary part &,(w) of the dielectric function e(w) corresponding to the main
crystallographic directions [100] and [001], where both real and imaginary parts along z-
direction shift to the high energy for all studied compounds. Leading to a significant optical
anisotropy for these materials. We can see that the imaginary part spectrum of KYS2, KLaS»,
KLuS2 and RbLuS: exhibits two main peaks of absorption in the energy range approximate ly
from 3.8 to 10 eV. While only one large peak is observed for KScS2 and RbScS.. With the
aid of the density of states diagrams Figure 111.4, we can assign the origin peaks of the
imaginary part ¢,(w) of the dielectric function to the electronic transitions between

occupied S-p and unoccupied B-d, p states.
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Figure 111.5: Real and imaginary parts of the dielectric function for incident radiation with electric
field polarized parallel to the three different crystal directions, [100] (or [010] and [001]), for the
ABS, compounds, using B3LYP functional.

From Figure. I11.5, we can see that our compounds exhibit similar behavior as metallic
refractance in the range energy &,(w) < 0. The most important quantity of the real part is
the zero-frequency limit &,(0), the so-called also the static dielectric constant, which can
define the dielectric constant for the materials at O eV. Our numbered static dielectric
constant &,(0) for incident radiations polarized along the [100] (or [010] and [001])
directions are presented in table 111.7.

The reflectivity spectrum of the studied materials, R(w) is plotted as a function of
wavelength in Figure. 111.6. Firstly, for all compounds, R(w) along the [100] direction
remains dominant throughout the spectrum.
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Figure 111.6 The calculated reflectivity R (w) spectra for incident radiations polarized

along the [100] or ([010] and [001]) crystallographic directions for ABS:, using B3LYP
functional.

The reflectivity value at the zero frequency limits R(0) of KScS2, KYSz, KLaS2, KLuS:,
RbScS: and RbLuS: is equal to 5.59 % (3.59 %) 4.6 % (3.31 %) 4.62 % (3.11 %) 7.5 %
(5.22 %) 5.43 % (03.7 %) 6.94 % (4.69 %) for E 1007 (E[oo1]), respectively. These materials,
keep their static value almost in the infrared and visible region. Then, the reflectivity starts
to increase from R(0) with the increasing photon energy to attain its maximal value for
E 1007 (Efoo17) of about 86.5 % (76 %) at 10 eV (9.97 eV) for KScS2, 83% (67%) at 10.55 eV
(10.44eV) for KYS2, 87.5% (63.47%) at 10.11 eV (9.99 eV) for KLaS2, 66 % (55 %) at 11
eV (10 eV) for KLuS2, 81% (77.4 %) at 9.75 eV (9.72 eV) for RbScS2, and 48.1 % (48 %)
at 10.3 eV (9.72 eV) for RbLuS2. Thereafter, the reflectivity R(w) decreases to reach its
minimum level at about 12 eV. We can notice that in IR and visible regions the reflectivity
increases along of KLaS2 — KYS2, KScS2 — RbScS2 »RbLUS2 — KLuS:.
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The absorption coefficients a(w) of the two compounds are presented in Figure 111.7 It
can be observed that for all compounds the absorption edge along [001] direction is larger
than along [100] and more noticeable in KLuS2 and RbLuS2. Also, we can see that KScS;
with RbScS2 and KLuS2 with RbLuSz have similar absorption spectrum with almost the
same absorption edge. On the other hand, the studied compounds are having a wide
absorption range and the larger absorption was observed for KLuS> along [100] direction in
the energy range from 3.08 to 11.4 eV, which suggests that these compounds are strongly

absorbent of light in the ultraviolet region.
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Figure 111.7 The calculated absorption coefficient a(w) for incident radiations polarized
along the [100], or ([010]) and [100]) crystallographic directions for ABSz, using B3LYP
functional.

From Figures 111 (6,7), we can observe that the reflectivity and absorption spectra of
KScS2, KYS2, KLaSz, KLuS2, RbScS2 and RbLuUS> are very low in the infrared and visib le
regions. Consequently, these materials are transparent in these two regions.
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Additionally, we can quantify the static optical anisotropy of KScSz, KYS2, KLaSz, KLuS:,
RbScS2 and RbLuS2, by using anisotropy rate A,pr [71-73]. Which is defined as follow:

Agpr = [ 289y | 20 ] (111.5)

)
sl(o)poly n(O)poly

n(0) = /&(0) (111.6)
Where, &,(0) 4;,- and n(0) ,;, represent the directional value of &,(0) and n(0) in [100] and

[001] directions. While, &,(0),,;, and n(0) are the polycrystalline values of &,(0) and

poly poly

n(0), respectively. Calculated values of anisotropy rate A, for all the studied materials
are presented in table 7. We should note that for a completely isotropic material, anisotropy
rate A,pr Must be equal to 1. Any deviation from 1 indicates a degree of optical anisotropy.

As we can see from table 7, the A, of all considered compounds deviate from 1.

Table 111.7: Calculated &,(0) and n(0) in polycrystalline and [100] (or [010] and [001]

principal optical axes and anisotropy rate A, of ABSz

£(0) n,(0) Aopr
Poly 2.46 157
KSSs 100 2,62 162 [1.065, 1.032]
001 2.15 1.47 [0.874, 0.936]
Poly 2.284 1511
KYS» 100 2.385 1544 [1.044, 1.022]
001 2.083 1.443 [0.912, 0.955]
Poly 2273 1,508
KLaSs 100 2.301 1546 [1.052, 1.025]
001 2.036 1.427 [0.896, 0.946]
Poly 291 171
Klus, 100 31 1.76 [1.065, 1.029]
001 2.53 1.59 [0.869, 0.930]
Poly 2.45 157
RbScs, | 100 258 161 [1.053, 1.025]
001 2.18 1.48 [0.890, 0.943]
Poly 2.77 1.66
RbLuS, 100 2.94 172 [1.061, 1.036]
001 241 1.55 [0.870, 0.934]

In addition, the studied materials have a wide band gap table I11.5. And, they
characterized by a very low reflectivity of less than 5 % along with all the main

crystallography directions as well as they did not show any absorption of light in the entire
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infrared and visible regions. Indicating the high transparency of KScSz, KYS2, KLaSg,
KLuS2, RbScS2 and RbLuS: in the infrared and visible regions, which makes them potential
candidates for many of transparent application, as transparent window materials, transparent
conductors, buffer layers for solar cells, liquid crystal displays, thin film-based coating
application. On the other hand, the maximum reflectivity located in the ultraviolet region,

which implies that it can be used as shield for ultraviolet radiation in optical devices.

I11.7 Thermodynamic properties
In order to calculate the thermodynamic properties of the ABS2 materials considered
in this thesis, we have used GIBBS2 code [74], this code uses the quasi-harmonic Debye
model. The starting point for the calculation of thermodynamic properties using GIBBS2 is
a table of total energy data of the system as a function of the volume E (V). These data can
be obtained by optimizing the crystal geometry for different pressure values (positive and
negative), then we extracted the volume V and the corresponding total energy E,,.. This later
can be done using any ab-initio computer software (CASTEP, VASP, CRYSTAL,
QUANTUMESPRESSO ...ext.). Here in this thesis, we have used CASTEP code. Once the
data (energy of asolid (E) as a function of molecular volume (V)) is available, GIBBS2 will
be able to build the vibrational Helmholtz free energy at any temperature (F,;,) and thus to
find the equilibrium volume at a given temperature T and pressure P by minimizing the non-
equilibrium Gibbs free energy:
G*(V;p,T) = Egrqe (V) + pV + Fyyy (V,T) (111.7)

*

E,, is the static energy which obtained directly from the ab initio calculation, F,;, is the

S
non-equilibrium vibrational Helmholtz free energy.
It's worth to mention that, minimizing the G* expression requires finding the volume

derivative of the non-equilibrium Helmholtz free energy F*:
F*(V;p,T) = Eyqe (V) + F, (V,T) (11.8)

Indeed, expression (III.1) is also in the Debye model with the only difference that F;,

depends on the geometry through Debye temperature ®p:

90 ) 0
F}:p(0©p,T) = Egqp + nKT [8—7? +3in (1 - e__TQ) - D(TD)] (111.9)
N
h 7\ |B tat
G)D = K—B(6T[2anr2> ;4—: (|||10)

Where: B, is the adiabatic compressibility modulus; My is the molecular mass.
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azESt—‘“(VT)> (111.12)

Bgtat (Vr) = Vr( 6]/}2

Once the equilibrium wvolumes V(p,T) are known, the other thermodynamic properties

including Entropy (S), Constant volume heat capacity (Cv), Constant pressure heat capacity,

(Cp), Volumetric thermal expansion coefficient (cr), can be compute using the following

equations:
S =—3nK,In (1 — eng> _ 4nK,D (GTD) (11.12)
0,\ 9nk,0,/T
C, = 12nk; D (7'3) —— (Il 13)
eT —1
C, = C,(1+ Y, aT) (111.14)
vV (3(-TS)
Yoo =~ or\ "y (111.15)
T
C
g =y (11 16)
VB,
— 0°F
r=V\ovz) (1L 17)

The calculated thermodynamic properties are plotted in a wide temperature range from 0
to 1000 K. Figure 111.8 displays, the isobaric volume variation (at zero pressure) plots of
KScS2, KYS2 KLaSz, KLuS2, RbScS2, and RbLuS2. From the figure, the volumes of these
materials are almost invariant (slight increase is observed) for temperatures lower than
100K, and then starts to increase quasi-linearly with the increase of temperature beyond that,
which can be explained by the expansion of the bond-length under the temperature
augmentation. Also, we can notice that volumes of KYS2 and KLuS: less affected by the
temperature compared to the others. However, in all considered temperature range, KScSp,

KLaS2 have the lower and the largest volume, respectively.
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Figure 111.8. Volume versus pressure plots KScSz, KYS2 KLaSz, KLuSz, RbScS2, and RbLuS:.
The determined bulk modulus of KScS2, KYS2 KLaS2, KLuS2, RbScS2, and RbLuS, are

plotted in Figure I11.9 as a function of temperature. Bulk modulus B is practically steady
for low temperatures up to 100 K, then declines directly with increasing temperature up to
1000K. Again, the bulk modulus of KYS2 and KLuS2 show less affected by the temperature.
The bulk modulus value of KLuS2 become larger than RbScS: and KScS2 in the
temperatures beyond 795 K and 930 K, respectively. Additionally, from 0 to 1000 K
(exception for KLuS2, RbScS2 and KScS2 in the case of in the temperatures beyond 795 K
and 930 K), the resistance against the pressure increases along KLaS, < RbLuS, <
KLuS, < RbScS, < KSc§, < KYS,. At temperature 300 K and pressure 0 GPa, the bulk
modulus value of KScSz, KYS, KLaS,, KLuS2, RbScS2, and RbLuS2 are 42.30, 42.97,
36.25, 37.83, 41.38, and 36.76, respectively.
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Figure 111.9 Temperature dependent computed bulk modulus of KScS2, KYS2 KLaSz, KLuS,,
RbScS2, and RbLuS:.

Figure 111.10 and Figure 111.11 show the isochoric Cy and isobaric Cp heat capacities of
KScS2, KYS2 KLaS2, KLuS2, RbScSz, and RbLuS> as a function of temperature. As can be
seen from the curves, in the temperature range of 0-300K, both Cyvand Cp rise rapidly with
temperature, after 300 K the increase rate becomes slower, where Cy of all compounds
reaches its saturation value Dulong-Petit limit which is [3nR] [75], where R is the gas
constant, and n is the number of atoms per unit cell (here n=4). Meanwhile, Cp is
continuously increasing and does not amount to a constant value for all studied solids. The
values of Cy (Cp) at pressure 0 GPaand temperature 300 K for KScS2, KYSz, KLaS2, KLuS2,
RbScS2, and RbLuS: are 92.93(97.85) 94.23(98.33), 95.88(101.38), 96.31(100.33),
94.45(98.92), and 96.82(102.19) J/mol.K, respectively.
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Figure 111.10 Isochoric heat capacity Cv of KScSz, KYS2 KLaSz, KLuS2, RbScSz, and RbLuS;
versus temperature T.
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Figure 111.11 Isobaric heat capacity Cp of KScSz, KYS2 KLaSz, KLuS2, RbScS2, and RbLuS
versus temperature T.
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The Debye temperature O is one of the most important parameters of thermodynamic
properties, which gives important information corresponding to the chemical bond strength,
thermal conductivity, and the hardness of materials. Figure 111.12 displays the Debye
temperature of KScSz, KYS: KLaS;, KLuSz, RbScSz, and RbLuSz2 as a function of
temperature. We can conclude that the temperature weakens the bonding strength in the case
of the above-mentioned materials.

The Debye temperatures values increase along of RbLuS, < KLuS, < KLaS, < RbScS, <
KYS, < KScS,, therefore, better thermal conductivity, stronger chemical bonds and larger
hardness increase in the same way RbLuS, < KLuS, < KLaS, < RbScS, < KYS, <
KScS, [48.49,50]. The computed Debye temperature at 0 GPa and 300 K of KYS:2 and

KLaS; are KScS,, KYS2 KLaS2, KLuS2, RbScS2, and RbLuS, 360.45, 322.71, 269.27,
252.93, 316.06, and 233.22, respectively.

e B—KScS
] B——p —M— KScS,
_— \l\. —e—KYS,
] \.\ —KLa$,
340 - T~ s
3
1 e M~ —RbLS,
® "
3207 — ~a
300 - g S
-_~ 7] \.\
< _—
o 280 -
2604 v—vw
240 4 45{\\ \'\v\". &
T T \'V\
220 - B Y
J \<\‘
200 g

I I T T I I I I T I

I
0 100 200 300 400 500 600 700 800 900 1000
Temperature (K)

Figure 111.12 Variation of the Debye temperature of KYS, and KLaSz are KScSz2, KYS2
KLaS2, KLuS2, RbScSz, and RbLuS? as a function temperature.
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111.8 Conclusions
In this chapter, we have studied structural, elastic, electronic and optical properties of the

ternary sulfides KScSz, KYSz, KLaS2, KLuS2, RbLuS2, and RbScSz using first principles
calculations based on density functional theory (DFT). First of all, we have found that GGA-
PBE gives results better than LDA, for structural properties. The determined lattice
parameters are in good agreement with the available experimental ones. The elastic
constants and macroscopic elastic parameters confirm that the studied materials:
mechanically stable, brittle in nature. All these solids are semiconductors with indirect band
gap and B3LYP functional leads an excellent agreement compared to the experimental ones.
The energy band gap Eg is found between the valence band formed by S-3p and B-d (B: rare
earth) orbitals in the conduction band. The studied compounds demonstrate optical
anisotropy, while the absorption and reflectivity spectra indicate the studied compounds are
transparent in the infrared and visible regions. Therefore, these materials can be used in
transparent technology. However, the calculated thermodynamic properties reveal that the
considered materials less affected by temperatures lower than 100 K, while the influence is
evident in temperatures greater than 100 K. The Debye temperatures values increase along
of RbLuS, < KLuS, < KLa$S, < RbScS, < KYS, <KScS, , therefore, better thermal
conductivity, stronger chemical bonds and larger hardness increase in the same way
RbLuS, < KLuS, < KLaS, < RbScS, < KYS, < KScS, . In absence of theoretical and
experimental results, present findings can serve as predictions and guidance for future works

on the considered compounds.
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CHAPTER I V

ABS:: New p-type transparent conaucting materials

IV.1 Introduction

The discovery of new materials is one of the most important to enable future
technological developments. Historically, new materials have been discovered by either
trial-and-error processes or serendipity. Where these methods require labour-intensive and
challenging experiments, with very time-consuming and high costs. However, since the
advent, the density functional theory (DFT), combined with modern computing power the
situation became quite different. It became possible to predict the crystal structure of many
new materials without the need for experiment. Additionally, accuracy of DFT in the
determination of ground-state electronic properties sensitively depend on the adopted
exchange-correlation (XC). Local density approximation (LDA) and generalized gradient
approximation (GGA) are the oldest and the largely used functionals, as well as the cheap

computational cost. Where, hybrid functionals (PBEO, B3LYP, HSEQ6) are very accurate
but are much more time-consuming and need computer power as well.

Combining optical transparency to visible light, high conductivity, lead to very interesting
materials so-called transparent conducting materials (TCMs). Those materials are needed in
a wide range of applications such as solar cell, light-emitting diode (LED), smartphones,
tablets, laptops and flat panel displays [1-6]. Among various TCMs the widely studied and
used are oxides (TCMs), they offer suitable properties: wide band gap and low electron
effective mass [5]. The most commonly known TCOs are In2O3[7, 8], SnO2 [9, 10], ZnO
[11-13], BaSnOs [14, 15], and Ga20s. [16, 17]. The commercially and widely used TCOs
are n-type materials. Although some oxides (e.g., CuAIO2 ,SnO, NiIO, and LaCrOs [6, 18])
have been suggested as p-type TCOs, their materials properties are poor and stay lower
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performance (especially the carrier mobility) compared to n-counterparts. Lack of high-
performance p-type TCMs stands in the way of many critical technological developments.
the combination of high-performance p-type TCO with known n-type TCOs could be used
to develop p-n heterojunctions and opening new avenues in transparent materials
technology and enable the development of many new devices. in addition, p-type TCMs
with wide transparency and high mobility/conductivity can be reliably applied in many
optoelectronic applications (in hole-transport layers in solar cell architectures, as efficient
photocathodes in water-splitting solar cells [19], or thin-film transistors [4]). Which make
the development of novel p-type TCMs a very challenging field. Two requirements for p-
type TCMs: (i) high optical transparency to the visible light (wide band gap), which
described by its transparency T (from first principles, transparency T determined by the
absorption coefficient o and the reflectivity R), and (ii) high hole mobility (low hole
effective mass my,). Here, our search strategy to find a new p-type transparent conductor
(TCMs), is to find materials with low hole effective mass and a wide bandgap (WBG).

Recently, a new appropriately normed functional with very low computational cost
compared to hybrid functionals, so-called (SCAN) [20], which belongs to the meta-GGA
family of functionals, was suggested. Based on the previous researches, SCAN meta-GGA
has shown excellent performance. Where it has been tested for different systems and
properties with improved predictive accuracy over than LDA and GGA functionals
including solids [21-23], molecules [24], surfaces [25], and liquids [26-28]. Further,
previous studies have revealed that SCAN functional is a better choice than PBE, LDA+U,
and PBE-based for the energetics and structural parameters [22]. Gives a more accurate
predicting for transition pressures [29, 30], reactions energies, structure parameters, volume
and bulk modulus [31-33]. Also, SCAN showed an efficient prediction regarding the
structural, energetic and electric properties for conventional perovskite ferroelectric
materials [23, 34], accurate descriptions for the intermediate-range Van der Waals (VdW)

interaction [25, 35, 36]. It correctly predicts that ice is less dense than water [27], which that
LDA and GGAs functionals have failed to do.

In this work, based on the largely used GGA-PBE functional, the new developed
SCAN meta-GGA functional and the hybrid HSEO6 functional, as well as the available data
in the literature, ab initio calculations are performed to investigate the crystal structure
stability and physical properties of the ternary semiconductors CsScSz, CsYS;, and APmMS2
(A= Li, Na, K, Rb, Cs) with a-NaFeO: structure-type. These compounds have not yet been
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synthesized and do not already appear in the large materials database like; materials project,
COD, AFLOWLIB, or OQMD.

These materials belong to the large family of alkali rare-earth sulphides ABS: (A=
alkali metal, B= rare-earth elements. These ternary materials with a-NaFeO: structure-type
have received a lot of attention and intensively studied, since they are promising materials
for solid state light emitting diode (LED), lighting or X-ray phosphors [37-39], as they are
potential candidates for many applications such as transparent materials, Na-ion batteries,

nano-pigment, p-type transparent electrodes[31, 40-43].

IVV.2 Computational details

All calculations in this chapter are performed within the Vienna Ab initio Simulation
Package (VASP), with PAW pseudopotentials, and two different functionals; GGA-PBE
and SCAN are adopted to describe the exchange-correlation effects (see chapter 11). While,
screened hybrid functional (HSEO6) is employed to calculate the band structures, hole
effective masses and the optical properties of selected compounds since this functional
reproduces accurate results for semiconductors compared with the other traditional DFT
method. The PAW Li sv, Na_pv, K sv, Rb_sv, Cs sv, Pm 3, Y _sv and Sc_sv potentials
are used from VASP database. An energy cut-off value of 600 eV is performed for PBE and
SCAN calculations, 500 for hybrid functional (HSE06). We should mention that all
calculations for hybrid functional (HSEO6) were carried out on the top of SCAN structures.
A K-point mesh of 9 x 9 x 2 is used to sample the Brillouin zone of the unit cell. For the
geometry optimization, we have used the conjugate gradient algorithm (IBRION = 2) and
full Relaxation (ISIF = 3) with convergence criteria of forces less than 0.001 eV/A and
energy tolerance is less than 106 eV, respectively. The Phononpy software is adopted with
2 X 2 x 1 (containing 48 atoms with 4 x 4 x 2 k-mesh) supercell to calculate the phonon

band structure of the titled materials.

IV.3 Results and discussion
IV.3.1 Structural properties

As we have mentioned above (Chapter 1.4.2), from the available data in the literature
about ABS. materials, J. Fabry et al [44], have reported that there is a relationships (linear
association) between the atomic number Z and the structural parameters including; unit-cell
parameters (a, ¢ and c/a), fractional coordinate z(S%"), interatomic distance, and thickness of

cationic layers h(ASe) and h(BSe). Where, the unit-cell parameter a, and z(S%) decrease
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almost linearly (curve ais Much more sloping than z(S?)), with increasing atomic number
Z of the trivalent cation B3*(La-Lu). While the lattice parameter c¢ remains rather constant
with the change of atomic number Z of the rare earth elements. This later lead to a quasi-
linear increasing for lattice parameter ratio c/a with increasing atomic number Z of B3*(La-
Lu), an exception for Li-based compounds (Figures 1.4(a-d), Chapter I). These relationships
between the structural properties and the number atomic Z of rare earth elements gave a
helpful information can be used to confirm the reliability of the structural parameters of any
of these compounds and can help to investigate the others. On this basis, we have deduced
and extracted the structural parameter of APmS2 (A= Na, K, Rb, Cs) by the second-order
fitting of structural curves for the available ABS: materials, for the sake of comparison with
our calculated results. One used unit cell in the calculations is presented in figure IV.1. Here,
the Wyckoff positions in this structure-type are; the alkali atoms situated at 3a position
(0,0,0), the rare earth located at the 3b position (0,0,1/2), and sulphur atoms occupy the 6¢

position (0, 0, z), where z is the fractional coordinate.

Figure IV.1. schematic representation of one unit cell of ABS2 in the layered rhombohedral

a-NaFeO2-type structure contain 3 formula (3 x ABS,)
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The obtained structural parameters of the considered materials using GGA and SCAN

functional as well as the deduced one from the fitting are summarised in table 1V.1. We can

Clearly see that the results obtained using SCAN functional are in excellent agreement with

the expected based on the curves fitting (with deviation error between 0.019% and 0.79%),
which is much better than GGA. We can conclude that SCAN functional is better than GGA

to study the structural properties of these materials.

Table 1V.1. The calculated unit-cell parameters (a and c, in A), the lattice parameter ratio
c/a, the internal parameter z(S) using GGA and SCAN functionals, along with the deduced
one from the fitting [**].

Compound

LiPmS:

NaPmS:

KPmS:2

RbPmMS:

CsPmS:

CsYS:

CsScS»

method

GGA
SCAN
GGA
SCAN
[**]
GGA
SCAN
[**]
GGA
SCAN
[**]
GGA
SCAN
[**]
GGA
SCAN
GGA
SCAN

a (A

4.028
4.012
4.101
4.076
4.074
4171
4.149
4.143
4.194
4.168
4.171
4.222
4.186
4.182
4.107
4.081
3.902
3.877

c(A)

18.634
18.568
20.067
19.899
20.017
22.256
21.986
21.900
23.132
22.951
22.898
24.292
24.232
24.042
24.16

24.133
23.881
23.886

cla

4.626
4.628
4.893
4.882
4.913
5.336
5.299
5.288
S
5.506
5.490
5.754
5.789
5.749
5.882
5.913
6.120
6.161

z(S)

0.2516
0.2518
0.2440
0.244

0.2349
0.2356
0.2357
0.2318
0.2323
0.2324
0.2282
0.2287
0.2287
0.227

0.2272
0.2244
0.2242

[**]: represent the deduced and extracted values of the structural parameter for APmS, (A= Na, K,

RDb, Cs) by the second-order fitting of structural curves of the previous works (figures 1.4) for the

available ABS, compounds.
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Table IV.2. The calculated unit-cell volume (V in A3), interatomic distance (A*-S and B3*—
S, in A), and thickness of cationic layers (h(A*Sg) and h(B3*Ss), in A).

V. h(AS6) h(BS6) A-S B-S a B
Compound method A% A) A) A &) ©) ©)

GGA 26177 3.067 3142 2786 2807 9259 9171

LiPmS,
SCAN 25886 3.028 3.161 2767 2804 92917 91.349
GGA  292.27 3585 3.104 2969 2830 87.33 92.82

NaPmS,
SCAN  286.34 3.555 3.078 2949 2812 87.424 92.907
S GGA  335.07 4.375 3.040 3.253 2847 79.71 94.14

KPm

i SCAN  327.86 4.298 3.030 3.218 2.834 80.272 94.093
GGA  3b1.67 4.733 2976 3.384 2840 76.49 95.06

RbPmMS,
SCAN 34541 4.638 3.013 3.342 2839 77.161 94.457
GGA 37461 5117 2979 3533 2855 73.34 95.27

CsPmS,
SCAN  367.73 5.071 3.006 3503 2846 73.384 94.678
CsvS GGA 35289 5.138 2915 3497 2784 71.94 95.09

S

’ SCAN 34812 5.123 2.922 3480 2.772 71.792 94.789
GGA 31455 57221 2.738 3.447 2.635 68.89 95.46

CsScS,

SCAN 310.88 5213 2748 3436 2.626 68.687 95.125

The layered rhombohedral a-NaFeO:2 structure formed by alternative layers of ASe and BSe
octahedra. However, all bond lengths in such octahedral are identical A-Siin ASe and B-Si
in BSs (i= 1-6). Bond lengths between sulphur atoms of the same sheet (edge-sharing
between AsSe and RESe octahedral) are equal to the lattice parameter a, we can write Si1—
S1=S2-S2 =S3-Sz =asee figure 1V.2. While the distance between the sulphur atoms of two
consecutive sheets (S1—S2 or S2—Ss) is affected by the cation type (A, or B), which is between
them. Also, both ASs and BSs distorted octahedra are characterized by two unequal angles
differ from 90° (o = S2—A-S2=S3-A-Szand S2—A-S3 = 180° — a in ASe octahedral, and S
= S$1-B-S1=S>-B-Sz2 and S1-B-S2=180° — 8 in BSes octahedral) see figure 1V.2.
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Figure 1V.2. Schematic representation ASe¢ and BSe octahedral of ABS: in the layered
rhombohedral a-NaFeO2-type structure.

From the data in table 1V.2, one can see that with increase the atomic number Z of alkali
metals from Li to Cs (in other words, increases ionic radii of six-coordinates of alkali metal
Li-Cs (annexe table S02)), the interatomic distances A-S increased and the angle «
decreased, which lead to more distortion for ASe octahedron. Therefore, unit-cell parameters
a and c, and the monovalent layers' width h(ASs) increased. Besides, a slight increase was
observed for B-S, h(BSs) and . This explains the increase of unit-cell parameter c. On the
other hand, with increasing the atomic number Z of trivalent cations Sc<Y<Pm, the
interatomic distances B-S increased and the angle S decreased, and hence the trivalent
layers' width h(BSe) become more thickness along Sc<Y<Pm. whereas, a small decrease is
observed for the monovalent layers h(ASe). Finally, the augmentation of the ionic radii of
the alkali metals have much influence on the unit-cell parameter c and a slight effect on a
(the percentage rise of c for these materials is Li-Na (01.59%), Na—K (01.79%),
K—-Rb(0.46%), Rb—Cs (05.58%), and for a is Li»Na (7.17%), Na—K(10.49%),
K—Rb(04.39%), Rb—Cs (0.46%)). Whilst, the increasing of the trivalent cation RE3* has
invers effect (c rising is Sc—Y (0.41%), Y-Pm (01.02%), and for a is Sc—-Y (02.5%),
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Y—Pm (05%)). These results are very similar to those presented in figure 1.4, and reported
in the reference [44].

1V.3.2 Formation energy and phase stability

The formation energy can describe the amount of energy that comes in or out when a
chemical reaction occurs. Thus, it can be used as a scale for the thermodynamical stability.
In definition, the formation energy is the total energy of the products minus the total energy
of the reactants.

=E

products

Eformation - Ereactants

Here, to understand the thermodynamic stabilities of the considered materials their
formation energy was calculated by using both GGA and SCAN functionals. Here the

Formation energies of ABS2 compounds were predicted using the following relation:

ABS, __ -ABS, _[ A B S ]
Eform - Etotal ESolid + ESolid + ESolid

Where E/2° is the total energy of ABS, compounds in the considered phase, and EZ,;;, +

E& iq + E5yq are the total of (A= Li, Na, K, Rb, Cs; B=Sc, Y, Pm; and S) in their standard

structures.

Table 1V.3: The calculate formation energies of CsScS2, CsYSz, and APmS; (A= Li, Na, K,
Rb, Cs) in a-NaFeOz2 structure-type using both GGA and SCAN functionals.

Formation Energy (eV/formula unit)

GGA SCAN
LiPmS, -7.214451777 -8.210765254
NaPmS, -7.256888795 -8.329740368
KPmS, -7.411258045 -8.491620299
RbPmS; -7.348817084 -8.452890409
CsPmS; -7.281984389 -8.399657671
CsScS; -6.717618839 -7.851889619
CsYS, -7.39967433 -8.569724201

The calculated results of the formation energy are set out in Table IV.3. All the studied
compounds have negative formation energy values; however, we can conclude that these
materials are thermodynamically stable and feasible to synthesize experimentally with o-
NaFeO2 phase.
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1VV.3.3 Phonon dispersion

One of the powerful methods can reveal information on the stability or instability of
crystal structure and the possible phase transitions, which is calculations of vibrational
frequencies for the considered material. Where if all phonon frequencies are positive
indicating that the system is stable, otherwise, the crystal is unstable. In order to confirm the
dynamical stability of the studied materials, we have calculated their phonon dispersion.

Figure 1V.3 shows the obtained phonon dispersion curves.
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Figure IV.3 The calculated phonon spectra of CsScSz, CsYS2, and APmS: (A= Li, Na, K,
Rb, Cs) using GGA.
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As can be seen from Figure 1V.3, there are no imaginary phonons, indicating that these
materials are dynamically stable. Also, one notable feature from the figure is band gap
between the acoustic and optical modes, we can clearly see that this band gap was observed
for RbPmS2, CsPmS;, CsYS: and very small for KPmS;. while is not observed for LIPmS;,
NaPmS2 and CsScS2 compounds.

It has been shown that the gap between acoustic and optic phonons related with the thermal
conductivity, where larger gap value often means higher thermal conductivity. Which in
fact, is describing the weak coupling of heat-carrying acoustic phonons with optic phonons
[45-47]. Therefore, we can conclude that RbPmS2, CsPmSz, CsYS: and have high thermal
conductivity compared to the other compounds.

1VV.3.4 Electronic properties

1V.3.4.1 Band structure and density of states
Due to the similarity in the obtained figures using GGA, SCAN and HSEQ6 for

CsScS2, CsYS2, and APmS2 (A= Li, Na, K, Rb, Cs), only those calculated by HSEO6 have
been taken as an example for plotting; band structure along with the high symmetry direction
in the first Brillouin zone (figures 1V.4), the total (TDOS) and partial (PDOS) density of state
(figures 1V.5).

From a general point of view, all considered materials have almost a similar band structure,
except for LiPmS2, which does not show any bands degenerate at the valence band
maximum. Furthermore, we can see that all ABS2 compounds are semiconductors with an
indirect band gap. Where the valence band maximum (VBM) located at I" high symmetry
point and the conduction band minimum situated at M point. It is clearly seen from figure
IV.5 that the upper of the valence band for the considered materials is composed of the
occupied S-3p orbitals mixed with a small contribution of B-d (B: rare earth atoms). On the

other hand, the lower of the conduction band is mainly formed by the B-d orbitals.
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The calculated indirect and direct (optical) band gaps using GGA, SCAN and HSEO6 are

llustrated in table 1V.4. As it’s known, for most semiconductors, hybrid functional usually
predict the accurate fundamental band gaps.

Table 1V.4: The calculated indirect and direct (optical) band gaps using GGA, SCAN and HSE06
functionals.

LiPmS, NaPmS, KPmS, RbPmS, CsPmS, CsYS, CsScS,
ERd  1.7913 2.2187 2.284 2.2736 21473  2.1748  1.655

GGA
E 2:{,, 2.44 2.716 2.780 2.746 2.537 2.700 2.363
End 2003 2549 2596 2578 2430 2503 1.969
SCAN
E Zf{p 2.785 3.069 3.108 3.062 2.841 3.057 2.733
Eind 2587 | 3067 3142 3126 2.978 3098  2.620
HSE

E Zf{p 3.329 3.645 3.716 3.669 3.442 3.712 3.486

From table 1V.4, the calculated band gaps values using SCAN functional are closer to those
HSEO06, indicating that SCAN improves the GGA band gap in our case. These
semiconductors characterized by wide band gap. Where the smaller gaps is LIPmS2 with
direct and indirect band gaps of 2.587 eV and 3.329 eV, respectively (using HSEO06). The
largest band gaps is KPmS: direct (3.142 eV) and indirect band gap (3. 716 eV). We can see
there is a large difference between the indirect and direct band gap in these materials.
However, what we are interested in for TCMs is the direct band gap, because at room
temperature the indirect optical transitions are very weak, in fact, they require both photon
and phonon processes as well. So, materials with small direct band gap is transparent as long
as it has a large fundamental direct (optical) band gap (> 3.1 eV), which in fact represent
the first optical transition. Based on our calculated results in table 1V.4, all the considered

materials have suitable band gap for TCMs. Also, this makes them very important materials
for the wide and ultra wide-bandgap semiconductors applications.

One can get insight into the chemical bonding nature of materials by considering the charge
density distributions. The 2D charge density distribution of the studied materials in the plan
(110), is plotted in FigurelV.6. Fromthe map in this figure, we can distinguish two different
types of chemical bond; A-S (A= Li, Na, K, Rb, Cs) and B-S (B= Sc, Y, Pm). The charge
distribution around A atoms is more spherical, and almost the is no overlapping between A

atom and S, indicating that the bonding between A and S (A-S) is mainly ionic with
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somewhat covalent features. The deformation and the overlapping of charge distribution

between B and S atoms reveal the presence of the covalent bond between B and S (B-S).

Figure IV.6: Charge density distribution maps in (110) plane for CsScSz2, CsYSz, and APmS;
(A=Li, Na, K, Rb, Cs) in a-NaFeOz2 structure-type.

1V.3.4.2 Effective mass

Except for LIPmS2 compound, there are two bands that degenerate at the valence band
maximum at the Brillouin zone centre, I'. which means that these materials have a heavy-
hole band (HH) and the light hole band (LH), producing respectively, light and heavier
effective masses. The calculated heavy-hole effective masses and the light-hole effective
masses in the '->K and I'>M directions, electron effective masses in the M—I" and M—L

directions of the studied materials are summarized in table 1V.5.
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Table IV.5: The calculated effective masses (m;, and m;}) using GGA, SCAN and HSE06

functionals. The effective masses are in units of the free electron effective mass.

Compound Method Light Heawy

I - K r-m r->K r-m M-T M- L

GGA = = 10.262 9.968 0.716 0.55%4

LiPmS, SCAN - - 9.110 9.555 0.696 0.492
HSE - - 9.964 10.85 0.677 0.418

GGA 0.264 0.264 1.056 1.039 0.873 0.716

NaPmS, SCAN 0.276 0.277 1.069 1.052 0.821 0.728
HSE 0.259 0.259 1.009 0.998 0.815 0.728

GGA 0.273 0.272 0.970 0.961 0.982 0.651

KPmS; SCAN 0.282 0.283 0.965 0.971 0.923 0.597
HSE 0.266 0.266 0.914 0.923 0.904 0. 582

GGA 0.273 0.272 0.975 0.971 0.971 0.602

RbPmMS; SCAN 0.281 0.281 0.965 0.975 0.914 0.548
HSE 0.268 0.267 0.912 0.914 0.856 0.548

GGA 0.278 0.277 0.963 0.959 0.880 0.546

CsPmS; SCAN 0.286 0.287 0.980 0.975 0.822 0.491
HSE 0.271 0.271 0.913 0.907 0.822 0.491

GGA 0.269 0.268 0.953 0.949 0.88 0.706

CsYS, SCAN 0.283 0.281 0.961 0.964 0.833 0.513
HSE 0.264 0.263 0.931 0.935 0.804 0.495

GGA 0.241 0.240 0.762 0.763 1.065 0.506

CsScS; SCAN 0.246 0.246 0.773 0.762 0.977 0.505
HSE 0.233 0.233 0.747 0.746 0.907 0.522

Firstly, the band structure of LIPmS2 did not show any degenerate bands and the band
curvature flatter at the Brillouin zone centre, I'. This leads to a much higher value of hole
effective mass ~ 10 me. While it characterized by lower electron effective masses about
0.677 meand 0.418 me along M —T" and M—L, respectively. As can be seen from the table,
the lighter masses increase down the group in the periodic table (Na — K — Rb — Cs) from
NaPmS2 (0.264 me) to CsPmS: (0.271 me), with increasing the atomic number Z (and hence
the atomic radii) of the alkali metals in APmMS2. Also, the lighter hole effective masses
decrease with increasing the atomic number Z of rare earth element with 0.233 me — 0.264
me — 0.286 me for CsScSz; — CsYS2 — CsPmSz. We can say that these values are
competitive with the industry standard n-type electron effective masses In203(0.3 me)[48],
ZnO (0.29 me) [49], SnO2 (~ 0.28 me) [50] and BaSnO3 (0.22 me) [15].
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For the heavier hole effective masses, no particular trend is observed with substitution of
either alkali metal or rare earth elements, whereas the values are ranged between the lower
which belong to CsScSz (~0.74 me) and NaPmS2 (~1.009 me). These heavy hole effective

masses of the studied materials except for LiPmS2 are superior to some of the top performing
p-type TCMs such as (Cu2S2)(SraSc20s) (0.9 me)[51] and LaCuOSe:Mg (1.06 me) [52].

IVV.3.5 Optical properties

Figure 1V.7 Shows the real e, (w) and imaginary &, (w) parts of the dielectric function
for ABS, versus incident photon energy obtained using HSEO6 functional. According to
Figure IV.7 For all the studied materials, the real &,(w)and imaginary e&,(w) of the
dielectric function show a considerable shifting to the high energy along [100] direction
compared to [001] direction implies that their optical properties have an anisotropic
behaviour in [100] and [001] directions. The computed static dielectric constant &,(0) of

the considered materials are presented in table 1V.6.

—— LiPmS,
NaPmS
KPmS,
—— RbPmS,
CsPmS,
CsYS,
CsScS, 4

g1(®)

10 12 0
Energy (eV) Energy (eV)

0 2 4 6 8

Figure IV.7: Real and imaginary parts of the dielectric function for incident radiation with electric
field polarized parallel to the three different crystal directions, [ 100] (or [010]) and [001], for the
CsScS,, CsYS,, and APmS, (A= Li, Na, K, Rb, Cs) compounds, using HSE06 functional.

89



Chapter IV ABS,: New p-type transparent conducting materials

The calculated refractive index n(w) of CsScSz2, CsYSz, and APmMS:2 (A= Li, Na, K, Rb, Cs)
along the main crystallography directions [100] and [001], is presented in Figure IV.8. The
obtained static refractive index n(0) for both directions [100] and [001] are summarized in
table 1V.6, together with the refractive index values at 3.1 eV (limit of the visible region).
Firstly, form the figure Figure 1V.8, we can see that along [100] direction, the refractive
index decreases with increasing the atomic number Z of the alkali metal in APmS; from Li
to Cs. This not the case for [001] direction. However, from table 1V.6, our calculated
refractive index in the IR and visible region of these materials is quite large, which are closer

to other well-known visible transparent semiconductors (1.46-1.51 from 2.3 eV t0 5.2 eV
for SiO2 glass [53] and 2.36-2.78 from 1.2 eV to 3.4 eV for w-GaN [54]).

3.4
4p] —LiPms, CsPmS,
' NaPm$S CsYS,
3.1eV:
5.0 - KPmS, CsScS, i
28] ——RbPmS,

Energy (eV)

Energy (eV)

Figure 1V.8 The calculated refractive index n(w) spectra of CsScSz, CsYSz, and APmS2
(A= Li, Na, K, Rb, Cs), using HSEO6 functional.

The calculated frequency-dependent absorption spectrum a(w) for CsScSz, CsYS2, and
APmMS: (A= Li, Na, K, Rb, Cs) compounds are presented in 16 Figure IV.9. From the figure,
we can clearly see that all the considered material has no absorption in the whole IR and
visible regions. Besides, the reflected light from the material’s surface can be described by
the reflection coefficient R(w). Figure 1V.10 presents the calculated optical reflectivity
spectrum of the considered materials for both main optical directions. Moreover, the
obtained static reflectivity along [100] and [001] direction are presented in table 1V.6.
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Figure IV.9 calculated absorption coefficient a(w) spectra of CsScSz, CsYSz, and APmS2
(A= Li, Na, K, Rb, Cs), using HSE06 functional.
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Figure 1V.10 The calculated reflectivity R(w) spectra of CsScSz, CsYSz, and APmS; (A=
Li, Na, K, Rb, Cs), using HSEO06 functional.
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All the studied compounds are slightly more reflect to the incident light along [100] than
[001]. LiPmS2 have high reflectivity than the other materials in both main optical directions
[100] and [001]. While, CsYS:2 have lower reflectivity along [100], whereas KPmS:
represent the lower reflectivity along [001]. Furthermore, the reflectivity in the whole visib le
region does not exceed 21.82 %, 19.13%, 17.6 %, 17.52 %, 17.5 %, 16.821 %, and 20.21 %
for LiPmS2, NaPmSz, KPmS2, RbPmS2, CsPmSz, CsYSz, and CsScS2 compounds,
respectively.

Table 1V.6: Calculated £(0),n(0),n(3.1) and R(0) for [100] and [001] principal optical
directions for CsScSz, CsYSz, and APmS; (A= Li, Na, K, Rb, Cs) materials.

N n(w)
D 0 R(0
Compound irection  £(0) n(0) nG.1) (0)
. [100] 563 237 277 16.58
LIPmS, [0 520 228 2,64 15.23
[100] 512 226 261 14.97
NaPms, [001] 459 214 2.40 13.22
[100] 475 218 250 13.75
KPmS, [001] 426 206 229 12.077
[100] 469 217 2.48 13.57
RbPMS, [001] 427 207 2.30 12.13
[100] 467 26l 2.48 13.50
CsPmS, [001] 437 209 235 12.47
covs [100] 459 214 2.40 13.225
2 [001] 4.42 2.10 2.33 12.64
[100] 515 226 2,64 15.06
CsScS, [001] 48 220 253 14.15

IV.4 Conclusion
In this chapter, three different functionals have been used, largely used GGA functional, the

new developed SCAN meta-GGA functional and the more accurate HSEO6 functional, to
investigate the crystal structure stability and physical properties of the ternary
semiconductors CsScSz, CsYSz, and APmS: (A= Li, Na, K,Rb, Cs). These compounds have
not been synthesized yet, and are not found in the large materials database like materials
project, COD, AFLOWLIB, or OQMD. We found that these materials are
thermodynamically stable and feasible to synthesize experimentally with o-NaFeO:
structure-type. These compounds (except for LiPmSz which have large hole effective mass)
have even larger optical band gaps (more than 3.4 eV) and light effective masses of only
about 0.22 me, heavy effective masses between 0.74 and 1 me. Based on the obtained results

these materials could be better p-type transparent conducting materials than those already
known.
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Summary and conclusions

In this thesis we have used ab-initio methods based on density functional density
(DFT) to study different isostructural semiconductors belong to ABS family. The most

notable results are summarized in the following.

Using CASTEP code we have studied structural, elastic, electronic and optical properties
of the ternary sulfides KScSz, KYSz, KLaS;, KLuS2, RbLuS2, and RbScS». For the structural
properties, we found that GGA-PBE gives results better than LDA. The analysis of B3LYP,
GGA-PBE and LDA band structures show that these compounds have indirect band gap,
and B3LYP functional leads an excellent agreement compared to the experimental ones. The
studied compounds demonstrate the optical anisotropy, while the absorption and reflectivity
spectra indicate that all compounds are transparent in the infrared and visible regions.
However, the calculated elastic constants and macroscopic elastic parameters confirm that
all the studied materials are mechanically stable, brittle in nature, and have certain degree of
elastic anisotropy. Parallelly, the thermodynamic properties of these compounds as function
of temperature are estimated using the quasi-harmonic Debye model embedded in GIBBS2
code. Our results reveal that thermodynamic properties of the considered materials are less
affected by temperatures lower than 100 K. Also, we found that Debye temperatures values
increase along of RbLuS, < KLuS, < KLaS, < RbScS, < KYS, < KScS,, therefore,
better thermal conductivity, stronger chemical bonds and larger hardness increase in the
same way RbLuS, < KLuS, < KLaS, < RbScS, < KYS, < KScS,.

Using VASP code we have studied CsScSz, CsYSz, and APmMS: (A= Li, Na, K, Rb, Cs)
compounds for p-type transparent conducting materials (TCMs). The calculated results of
the formation energy and phonon dispersion curves confirm that these materials are
thermodynamically stable and feasible to synthesize experimentally in the a-NaFeO2 phase.
From the obtained electronic properties using the accurate hybrid HSEO6 functional, (i) all
the studied materials have suitable band gap for TCMs (wide optical band gap E; > 3.1 eV).
(i) Except for LiPmS2 compound, the calculated light-hole effective masses are competitive
with the industry standard n-type TCOs (In203, ZnO, and BaSnOs3), while the obtained
heavy-hole effective masses of the studied materials except for LiPmS are superior to some
of the top performing p-type TCMs. The computed optical properties reveal that these

materials have no absorption in the entire visible region and their reflectivity is less than 20
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%. This makes all considered compound except for LiPmSz promising candidates for p-type
TCMs.
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Annexe

Table (S01): Overview of known ABS; materials.

interatomic .
) . Layers width
Space Lattice constants distance
Compound | Crystal system Z(S%)
group
A-SZ B3*-S% | h(ASe) | h(BSs)
a c
Cubic
LiLaS: 1-43d
(ThsPa)
Cubic
LiCeS: 1-43d
(ThsPa)
Cubic
LiPrS: Fm-3m 5.686[1]
(NaCl)
_ Cubic 5.628[1]
LiNdS2 Fm-3m
(NaCl) 5.635[2]
LiPmS2 Rhombohedral
R-3m 4.012 18.568 0.2518 2.767 2.804 3.028 3.161
This Work (a-NaFeOy)
] Cubic 5.588[1]
LiSmS2 Fm-3m
(NaCl) 5.563[2]
_ Cubic 5.606[1]
LiEuS: Fm-3m 5.572[3]
(NaCl)
5.57[4]
] Cubic 5.530[1]
LiGdS2 Fm-3m
(NaCl) 5.521[2]
Cubic 5.505[1]
Fm-3m
(NaCl) 5.489[2]
LiTbS:
Rhombohedral
R-3m 3.891[5] 19.066
(0-NaFeO2)
Cubic 5.474[1]
Fm-3m -
(NaCl) 5.468[2]
LiDyS2
Rhombohedral
R-3m 3.897[2] 18.47 0.246 2.76842 2.685 3.22609 | 2.93057
(0-NaFeO2)
Cubic
Fm-3m 5.453[2]
(NaCl)
LiHoS:
Rhombohedral R-3 3.898[1] 18.68
-3m
(a-NaFeO2) 3.892[2] 18.55 0.247 2.75934 2.69627 3.20297 | 2.98037
Cubic
Fm-3m 5.435[2]
(NaCl)
LIiErS2
Rhombohedral R-3 3.875[1] 18.63
-3m
(a-NaFeO2) 3.881[2] 18.65 0.248 2.74836 2.70585 3.18293 | 3.03373
) Rhombohedral
LiTmS: R-3m 3.829[6] 18.48
(0-NaFeO2)
LiYbS2 Rhombohedral R-3m 3.842[1] 18.54




(a-NaFeO»)
. Rhombohedral
LiLuS: R-3m 3.813[6] 18.41
(a-NaFeO»)
) Rhombohedral
LiScS2 R-3m 3.687[7] 18.318 0.231 2.83641 2.43312 3.23618 | 2.87
(0-NaFeO2)
Cubic
Fm-3m 5.485[2]
(NaCl)
LiYS2
Rhombohedral 3.898[2] 18.56
R-3m
(a-NaFeQy) 3.9033[8] 18.522
] 5.8806[9]
Cubic 5.881[10]
NaLaS2 Fm-3m
(NaCl) 5.878[11]
5.832[10]
Cubic [10]5.825[1
NaCeS2 Fm-3m
(NaCl) 1]
[11]5.8286
Cubic 5.777[10]
NaPrS; Fm-3m
(NaCl) 5.798[11]
Cubic
Fm-3m [B65]5.803
(NaCl)
NaNdS>
Rhombohedral 4.089 20.024
R-3m
(a-NaFeQy) 4.100[6] 19.90
NaPmS:2 Rhombohedral
R-3m 4.012 18.568 0.2518 2.949 2.812 BIE5S5) 3.078
This Work (a-NaFeOy)
Cubic
Fm-3m 5.740[11]
(NaCl)
NaSmS:
Rhombohedral 4.057 19.99
(a-NaFeOy) 4.056 [10] | 19.87
Rhombohedral
NaEuS: R-3m 4.042[10] 19.92
(0-NaFeO2)
Rhombohedral 4.019[11] 19.958 0.2433 2.934 2.7793 3.58613 3.047
NaGdS:2 R-3m
(a-NaFeOy) 4.009[10] 19.87
Rhombohedral
NaTbS: R-3m 3.994[10] 19.919
(0-NaFeO2)
Rhombohedral 3.978[10] 19.92
NaDyS2 R-3m
(a-NaFeOy) 3.979[11] 19.898
Rhombohedral 8.949[10] 1986
NaHoS:2 R-3m 3.960[11] 19.885 0.24 2.945 2.711 3.605 3.011
(0-NaFeO2)
3.9556[12] | 19.848
Rhombohedral 3.939[10] 19.98
NaErsS: R-3m
(a-NaFeO2) 3.9335[12] 19.808 0.242 2.903 2.717 3.65 3.01
Rhombohedral 3.9159[12] 19.7674 0.2427 2.885 2.714 3.58357 | 3.005
NaTmS: R-3m
(a-NaFe02) 3.915[6] 19.88




3.9012[12] | 19.736

Rhombohedral
NaYbS: R-3m 3.895[13] 19.831 0.2427 2.875 2.707 3.57472 | 3.004
(a-NaFeO»)
3.929[11] | 19.833
Rhombohedral 3.8873[12] 19.7058 0.2428 2.866 2.700 3.647 3.002
NaLuS> R-3m
(a-NaFeOy) 3.8909[14] | 19.85
Rhombohedral
NaScS:2 R-3m 3.751[7] 19.744 0.2426 2.962 2.510 3.686 2.896
(0-NaFeO2)
3.968[10] 19.89
Rhombohedral 3.966[6] 19.93
NaYsS: R-3m 2.918 2.744 3.605 3.017
(a-NaFeOy) 3.9635[8] 19.893

3.9600 [14] | 19.867

Rhombohedral 4.464[1] 21.89
KLaS2 R-3m
(a-NaFeO2) 4.2651[9] 21.929 0.2371 3.242 2.907 4.217 3.092
Rhombohedral 4.228[15] 21.83 0.236 3.226 2.877 4.220 3.046
KCeS: R-3m
(a-NaFeO2) 4.223[1] 21.80
Rhombohedral 4.1925[9] 21.892 0.23618 | 3.222 2.85917 4.25376 | 3.0436
KPrs:z R-3m
(a-NaFeO2) 4.185[1] 21.75
Rhombohedral 4.161[1] 21.83
KNdS: R-3m
(0-NaFeO») 4.1626[16] 21.8996 0.2353 3.222 2.8346 4.2938 3.0061
KPmS> Rhombohedral
R-3m 4.149 21.986 0.2356 3.218 2.834 4.298 3.030
This Work (0-NaFeO2)
Rhombohedral 4.107[1] 21.76
KSmS:z R-3m
(0-NaFeO») 4.1174[16] 21.888 0.2352 3.204 2.8109 4.2959 3.0001
Rhombohedral 4.093[1] 21.85
KEuS: R-3m
(0-NaFeO») 4.0981[9] 21.8212 0.23536 | 3.189 2.8009 4.2758 2.998
Rhombohedral
KGdS2 R-3m 4.0715[9] 21.901 0.23501 | 3.188 2.7868 4.3068 2.99357
(0-NaFeO2)
Rhombohedral 4.051[1] 21.87
KThS2 R-3m
(a-NaFeO2) 4.0523[16] 21.885 0.23463 | 3.184 2.7724 4.3202 2.9748
Rhombohedral 4.030[1] 21.83
KDyS2 R-3m
(a-NaFeO2) 4.0315[16] 21.890 0.2345 3.178 2.7609 4.3269 2.9698
Rhombohedral 4.009[1] 21.80
KHoS: R-3m
(a-NaFeO2) 4.0098[16] 21.878 0.2343 3.171 2.7475 4.3333 2.9593
Rhombohedral 3.993[1] 21.77
KErS: R-3m
(a-NaFeO2) 3.9935[16] 21.866 0.23407 | 3.166 2.73646 | 4.34098 | 2.94768
Rhombohedral 3.977[6] 21.84
KTmS: R-3m
(a-NaFeO2) 3.9761[16] 21.841 0.23376 | 3.162 2.72344 | 4.34956 | 2.93077
Rhombohedral 3.96[1] 21.82
KYbS2 R-3m
(0-NaFe0O2) 3.9615[16] 21.810 0.23346 | 3.158 2.7117 4.3565 2.9135
Rhombohedral 3.947[6] 21.79
KLuS2 R-3m
(a-NaFeO2) 3.949[9] 21.871 0.23369 | 3.154 2.7105 4.3586 2.931
Rhombohedral
KScS2 R-3m 3.8106[16] 21.719 0.23113 | 3.125 2.60777 | 4.43951 | 2.80016

(0-NaFeO2)




Rhombohedral 4.0216[9] 21.884 0.23444 | 3.174 2.75515 | 4.32836 | 2.9663
KYS2 R-3m
(a-NaFe0») 4.022[1] 21.85
Rhombohedral 4:292(17] 2289
RbLaS; R-3m 4.296[18] 22.93
(0-NaFeO») 0.2337 3.372 2.9179 45692 3.0741
4.28 [19] 22.9
Rhombohedral 4.249[18] 22.852 0.2334 3.351 2.88853 | 4.56735 | 3.04998
RbCeS2 R-3m 4.246[17] 22.80
(0-NaFeO2)
4.249[19] 22.843
Rhombohedral
RbPrS; R-3m 4.221[18] 22.897 0.2329 3.351 2.87034 | 4.59924 | 3.03309
(0-NaFeO2)
Rhombohedral 4,194 22.894 0.2327 3.342 2.8546 4.6078 3.0235
RbNdS2 R-3m
(a-NaFeO2) 4.189[17] | 22.89
RbPmMS; Rhombohedral o
-3m
This Work (a-NaFeOy) 4.168 22.951 0.2323 3.342 2.839 4.638 3.013
Rhombohedral 4.141[17] 22.861
RbSmS: R-3m
(a-NaFeOy) 4.143[18] 22.88 0.2321 | 3.32962 | 2.82185 | 4.632 2.994
Rhombohedral 4.119[17] 22.84
RbEUS: R-3m
(a-NaFeO2) 4.126[18] 22.89 0.2319 3.32647 2.81145 | 4.643 2.986
Rhombohedral 4098 [17] | 22.88
RbGdS: R-3m
(a-NaFeOy) 4.110[18] 22.9 0.232 3.31897 | 2.8052 4,641 2.992
Rhombohedral 4.070 [17] 22.80
RbTbS: R-3m
(a-NaFeO2) 4.080[18] 22.874 0.2315 3.3128 2.7835 4.658 2.966
Rhombohedral 4.060[18] 22.885 0.2312 3.31023 2.77049 | 4.674 2.954
RbDyS: R-3m
(a-NaFeOy) 4.052[19] 22.826
Rhombohedral 4.037[18] 22.844 0.2309 3.303 2.754 4.680 2.935
RbHo0S> R-3m
(a-NaFeOy) 4.023[19] 22.753
Rhombohedral 4.026[18] 22.802 02311 | 3.292 2.750 4,662 2.938
RbErS: R-3m
(a-NaFeO2) 4.017[19] 22.774
Rhombohedral
RbTmS: R-3m 4.020[18] 22.838 0.2305 3.302 2.741 4.697 2915
(a-NaFeO2)
Rhombohedral 3.991[18] 22.7117 0.2308 | 3.276 2.726 4,658 2.914
RbYbS: R-3m
(a-NaFeO2) 3.985[19] 22.801
Rhombohedral 3.991[18] 22.838 0.2303 3.293 2.724 4.706 2.906
RbLuUS: R-3m
(a-NaFeOy) 3.973[19] 22.818
Rhombohedral
RbScS> R-3m 3.8299[9] 22.656 0.22811 | 3.251 2.613 4,768 2.784
(0-NaFeO2)
Rhombohedral
RbYS: R-3m 4.0444[9] 22.8267 | 0.2309 | 3.304 2.757 4,676 2.932
(a-NaFeOy)
Rhombohedral 4.306[17] 24.08
CsLaS: R-3m
(a-NaFeO2) 4.303[19] 24.088 0.2302 3.513 2.918 4,968 3.061
Rhombohedral 4.262[17] 23.99
CsCeS2 R-3m
(a-NaFe0O2) 4.262[19] 24.025 0.2298 3.499 2.890 4.975 3.033




Rhombohedral

CsPrS2 R-3m 4.232[19] 24.054 0.2294 3.496 2.872 5.000 3.018
(a-NaFeO»)
Hexagonal
P63/mmc | 4.237[19] 16.020
(B-RbSc02)
Rhombohedral
R-3m 4.190[19] 23.926 0.2294 3.469 2.847 4,973 3.002
(a-NaFeOy)
CsNdS:2
Hexagonal
P63/mmc | 4.205[19] 16.043
(B-RbSc02)
CsPmS: Rhombohedral
R-3m 4.186 24.232 0.2287 3.503 2.846 5.071 3.006
This Work (a-NaFeOy)
Rhombohedral 3.484 2.826 5.047 2.977
R-3m 4.161[19] 24.072 0.2285
CsSmS: (0-NaFeO2)
Hexagonal P63/mmc | 4.156[19] 16.011
Rhombohedral
CsEuS2 R-3m 4.137[19] 24.026 0.2281 | 3.478 2.808 5.057 2.952
(0-NaFeO2)
Hexagonal
P63/mmc | 4.131[19] 15.991
(B-RbSc0»)
Rhombohedral
CsGdS2 R-3m 4.116[19] 24.043 0.2287 | 3.460 2.805 5.031 2.983
(0-NaFeO2)
Hexagonal
P63/mmc | 4.111[19] 16.022
(B-RbSc0»)
Rhombohedral
CsTbS2 R-3m 4.102[19] 24.004 0.228 3.464 2.788 5.057 2.945,
(0-NaFeO2)
Hexagonal
P63/mmc | 4.102[19] | 15.989
(B-RbSc0»)
Rhombohedral
CsDyS2 R-3m 4.058[19] 24.008 0.2276 3.454 2.762 5.077 2.926
(0-NaFeO2)
Hexagonal
P63/mmc | 4.059[19] 15.980
(B-RbSc02)
Rhombohedral
CsHoS2 R-3m 4.054[19] 24.001 0.2275 3.454 2.759 5.080 2.920
(0-NaFeO2)
Hexagonal
P63/mmc | 4.052[19] | 15.995
(B-RbSc02)
Rhombohedral
CsErS: R-3m 4.039[19] 24.017 0.2271 3.456 2.747 5.103 2.903
(a-NaFeO2)
Hexagonal
P63/mmc | 4.041[19] 16.001
(B-RbSc02)
Rhombohedral
CsTmS: R-3m 4.022[19] 23.941 0.227 3.446 2.735 5.091 2.889
(a-NaFeO2)
Hexagonal
P63/mmc | 4.020[19] 15.959
(B-RbSc02)
Rhombohedral
CsYbS: R-3m 4.022[19] 23.914 0.2271 | 3.427 2.713 5.081 2.890
(a-NaFeO2)
Hexagonal P63/mmc | 4.022[19] 15.925




(B-RbSc02)
Rhombohedral
CsLuS> R-3m 3.980 [19] 23.91 0.227 3.442 2.735 5.085 2.885
(a-NaFeO»)
Hexagonal
P63/mmc | 3.980[19] | 15.951
(B-RbSc02)
CsScS2 Rhombohedral
R-3m 3.877 23.886 0.2242 | 3.436 2.626 5.213 2.748
This Work (a-NaFeOy)
CsYS2 Rhombohedral
R-3m 4.081 24.133 0.2272 3.480 2.772 5.123 2.922
This Work (0-NaFeO2)

Table (S02): lonic Radii of A* and B*2 for coordination number six [20]

atom lonic Radii
Li*? 0.90
Na*! 1.16
K+ 1.52
Rb*! 1.66
Cs* 1.81
La3* 1.172
Ce®* 1.15
Pré 1.13
Nad* 1.123
Pm3* 1.11
Sms* 1.098
Eust 1.087
Gd®* 1.078
Th% 1.063
Dy** 1.052
Ho%* 1.041
Erd* 1.030
Tm®* 1.020
Y3 1.008
Lud* 1.001
Sc3t 0.885
Y3 1.040
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