People's Democratic Republic of Algeria
Ministry of Higher Education and Scientific Research

University Amar Telidji- Laghouat

FACULTY: TECHNOLOGY
DEPARTMENT: PROCESS ENGINEERING

MASTER THESIS

Presented by: Ayman Alargan
Mahmoud Abu-Shakhah

DOMAIN: Science and Technology
SECTOR: Process Engineering
OPTION: Chemical Engineering

Theme

(- )
DFT and DFT+U investigation of some physical

properties of CdBr, by FP-LAPW method and PBE-

GGA approximation
. Y,

Board of examiners:

Full name Grade Quality
HANNACHI Manelle MCB President
CHABIRA Salem Fouad Pr Examiner
BELHADJ Soraya MCB Rapporteur
SIGA Khaoula Doctorante Co-rapporteur

Academic Year: June 2022-2023

A S 5 5 £ £ £ £ 50 55 55 55 50 520 65 55 &° &0 4




T G G ¥R Gouidd GS Ly 13 Lo ds g 0T £ JaadTisitEs"

43-23) ¥ 5y9u0
Lia,ST Lo e £ o (g1 8 8,SCa09 (o M1g Sl glod | Sla Uil 73S 100 g e il aes
Ayl sa ala] o 4
el | (393955 Lags piild ¢ S0 Lsdole 31,31 ABIST Brandl Liiliialy LSl oy i o 353
Aeas SISV Lidal Bedzmsy dulyid! § LAy LiSas oSlindy Lisles § Ardod! oo udl
REPHN [PPSR 1 SOCIN T RE B PRI K| PUETESA PR PCI A S-S B P T3
298 &l I8 Udl Lyguo 7 loely.s Basadl A8 pdeall Broadl Lisliial oo pi o 95 L]
ki of Lalaiial cellagy 5,80l sa alus 5,58 IS5 Galdyls Lz g3 & uoloss!
3 ageg <lidy e ol T84 Aago il 3a225 0l o gall Liagd (S5 0lg Ll ylen
AiSan Al Jiad] JI Jwogll L duniond ! pazeally Lo
Lelnsg Ledg oo el U1 03,8500 BLABLLI 2imll Lisbinaly LSt oy Ll s 01 3539
gz gty collasML | epurdsg UisySie paeds]

1 28Lall Lesy SO Lolg2¥1 4% a5Vl culall Leaiy 51 32dl Ags Liny! (i ¥

iyl @M et Ly Bl dilolaas g oo Lpads oIS ULt




Q@M‘Mpﬁé.ﬁ‘&wh\q
Wii@agﬂ]mu.@ww)ﬂgéﬂ‘dﬂ|u‘.c‘:MLgBM‘g

P.@éeti\l JB o dI Jedl 12 é.\.ﬂ L

{fadie G LS sl &5 J8p il e Jall 762 Ldd (a5}

55l g Lol 8 ol g ubas yuias 9 4 sl ol
Lele K551 &I slas g gpds i Gigs! I
ISP YSER I EORISTIN
sl Haly S gl fseld 3] ol olouiy asgy (A0 snnkil| 35U 2l
oy dele il (oo dll Jguny aan ot ats
Aty 3ol elaad) oy ) b 2pall ya il o (g0 LI s J
L lg Mly Ayl 3 BLaNI I bl g e 135 0T 51 3Y) caaS> o0

OB yall pasl Joall da § Sy JI

e by ) B B £ £ £ £ £5° 5" 5> £ 5> 5° o° 4




cilaall el e Blally Slallall o dieat gl 4l ezl aay

Lozl — Jlais dilomes — Jobl aeng ! AR Ggullsd ainlgill os gaal o o
LB, aadl S 3 LoayBgg cdiclls ay
AR5 Goo J1 7 Wi a3 15 Bnio UGS, LeS Lagansyl S}
e 53l St 10 Inyo oty ol i (0 T il guudss e Lo iadl cra
 plodl!

18 336 dg siuncy g 1938 uddl (il 6519 il 95 Jeall 1da gual LeS
(Sl S & Ggbilug (ot & G Gl wllazt JS 3 il 19485 cnddls (I 3219
Ay ddlate l8g 29y <ol Wlat gl cizmal « juiall olg3 ) Lol ayuial
@il 1948y (uddl (@ile (e 12 52 pnie | Wt cnddl cuyadl 3 Gigslg oyl Lad) s
J&sls
e 3SY e Mok 3Ly A8,all J 1gantd el ca SO Sdslael JI Gyl apualy
Slezlly Ao SO it § ol slanty gy (1 e otlasadd Al gty (lesed (iSas ¥
ol gl Ul ol by o bl geslg . 35 bl Jguy (gyuas otk atig
Liazey o (g1 SO cBligal | Ladtg co el otdy « il 5] L gy Jf apuial LS
by Lol gy i

el gl Sgazma (Al y]l 3 Ardyy Aoy Sy IRV FS




Content



Title
General introduction
Reference
Chapter I: The theoretical part

I.1. Introduction
1.2. MX2 compounds
1.3. Transition metal dihalides MX2
I.4. Transition metals

1.4.1. Cadmium Cd

1.4.2. CdX2 Compounds
I.5. Cadmium bromide (cadmium (+1I) dibromide)

I.5.1. Structural properties

1.5.2. Electron configuration
1.6. Structure-property relationship
I.7. Wien2k code
L.8. Structural properties
L.9. Crystal systems
1.10. Electronic Properties

1.10.1. Band structure

1.10.2. Density of state (DOS)

1.10.3. Charge density
I.11. Optical properties

I.11.1. Dielectric function

I.11.2. Other linear optical properties
Reference

Chapter II: Calculation part

I1.1. Introduction
I1.2. Calculation details and parameters

I1.2.1. Adopted method

I1.2.2. Code Wien2k

I1.2.3. Calculation details

Page

=N =R U I O O N N

e e e e . T Y S e S
AW N N NN = e = oo

16
16
16
16
17



I1.3. Properties calculations by DFT
I1.3.1. Structural properties
I1.3.2. Electronic properties
I1.3.2.1. Band structure
11.3.2.2. Brillouin zone
11.3.2.3. Density of states
11.3.2.4. Charge Density
I1.3.3. Optical properties
I1.3.3.1. Dielectric function
11.3.3.2. Other optical properties
I1.4. Calculations of properties by DFT+U
I1.4.1. Structural properties
I1.4.2. Electronic properties
11.4.2.1. Band Structure
11.4.2.2. Density of states
11.4.2.3. Charge density
I1.4.3. Optical properties
11.4.3.1. Dielectric function
11.4.3.2. Other optical properties
IL.5. Comparison between PBE-GGA/PBE-GGA+U
I1.6.Conclusion
Reference

General conclusion

17
18
20
20
20
22
23
24
24
26
28
28
30
30
31
34
35
35
36
37
38
39
40



Symbol

¢

a,b,c

a.u

B’
BC
BCC
Br

BV
CcCp
Cd
CdBr:
CdClLz
CdF:
CdI:
CdXz
Cl

DFT
DFT+U
DOS
eV

F
FP-LAPW
GGA
HCP

I

i

List of abbreviations and symbols
signification
Celsius, a unit of temperature.
Angstrom, a unit of length equal to 0.1 nanometers.
Lattic parameters.
Atomic unit.
Compressibility factor.
Derivation of compressibility factor.
Band conduction.
Body-centered cubic.
Bromide.
Band validity.
Closest-packed structure.
Cadmium.
Cadmium bromide.
Cadmium chloride.
Cadmium fluoride.
Cadmium iodide.
Cadmium halide.
Chlorine.
Density Functional Theory.
Density Functional Theory + Hubbard.
Density of states.
Electrovolt.
Fluorine.
Full Potential Linearized Augmented Plane Wave.
Generalized Gradient Approximation.
Hexagonal Close-Packed.
Iodine.

Imaginary number.



I(w)
IUPAC
K

Kg

L(w)

m

MX:2
n(m)
PBE-GGA
R(w)

Ry
TB-mBJ
Wien2k
X, Y, Z

V4

a, B,y

I-M-K-T-
A-L H-A[L-
M|K-H

Absorption.

International Union of Pure and Applied Chemistry.
Kelvin.

Kilogram.

energy loss.

Meter.

Transition metal dihalide.

Reactive index.

Perdew-Burke-Ernzerhot Generalized Gradient Approximation.
Reflectivity.

Rydberg, a unit of energy.

Tran-Blaha modified Becke-Johnson.

Simulation programme.

Coordination.

Atomic number.

Angles.

Symmetry points in the Brillouin zone.

Constant of dielectric function.



Tables list

Table I.1 | Some properties of cadmium dihalides. 6

Table I1.1 | CdBr2 calculation details. 17

Table I1.2 | Lattice parameters and atomic, theoretical and experimental 19
positions.

Table I1.3 | Optical properties are calculated for CdBr2. 27

Table 11.4 | Lattice parameters and atomic, theoretical and experimental 29
positions.

Table I1.5 | Optical properties are calculated for CdBr: DFT+U. 37

Table I1.6 | Comparison between PBE-GGA/PBE-GGA+U 37




Figures list

Nefig Fig name Page
Figure 1.1 Properties of cadmium element. 5
— | Figure 1.2 The hexagonal structure of cadmium bromide 8
E compound.
c:c‘ Figure 1.3 The trigonal structure of cadmium bromide compound. 8
O | Figure L4 Chemical formula of cadmium dibromide. 8
Figure I1.1 Variation of mesh volume as a function of energy with 18
approximation PBE-GGA.
Figure I1.2 Energy variation as a function of ¢/a with 19
approximation PBE-GGA.
Figure I1.3 Brillouin zone of HEX lattice. Path: I'-M-K-I"-A-L H- 20
A|L-M|K-H.
Figure 11.4 Calculated band structure for CdBr2 without TB-mBJ. 21
Figure I1.5 Calculated band structure for CdBr, with TB-mBJ. 21
Figure I1.6 Density of state total and partial of the CdBr> compound | 22
without TB-mBJ.
Figure 11.7 Density of state total and partial of the CdBr> compound | 22
with TB-mBJ.
Figure I1.8 Representation of bonds between Cd and Br by density 23
without TB-mBJ.
Figure I11.9 Representation of bonds between Cd and Br by density 23
= with TB-mBJ.
Ea Figure I1.10 | The two parts of the dielectric function as a function of 25
— the energy of the incident photon (eV) without TB-mBJ.
5 Figure I1.11 | The two parts of the dielectric function as a function of 25
the energy of the incident photon (eV) with TB-mBJ.
Figure I1.12 | Optical property as a function of incident photon energy | 26
(eV) along three crystallographic direction absorption
I(10%cm), refractive index n, energy loss L and
reflectivity without TB-mBJ.
Figure I1.13 | Optical property as a function of incident photon energy | 27
(eV) along three crystallographic direction absorption
I(10*/cm), refractive index n, energy loss L and
reflectivity with TB-mBJ.
Figure I1.14 | Variation of mesh volume as a function of energy. 28
Figure I1.15 | Energy variation as a function of c/a. 29
Figure I1.16 | Band Structure (down) without TB-mBJ. 30
Figure I1.17 | Band Structure (up) without TB-mBJ. 30
Figure I1.18 | Band Structure (down) with TB-mBJ. 31
Figure I11.19 | Band Structure (up) with TB-mBJ. 31




Figure 11.20 | Density of state total and partial(down) of the CdBr» 32
compound without TB-mBJ.

Figure I1.21 | Density of state total and partial(up) of the CdBr> 32
compound without TB-mBJ.

Figure 11.22 | Density of state total and partial (down) of the CdBr» 33
compound with TB-mBJ.

Figure 11.23 | Density of state total and partial (up) of the CdBr» 33
compound with TB-mBJ.

Figure I1.24 | Representation of bonds between Cd and Br by density 34
without TB-mBJ.

Figure I1.25 | Representation of bonds between Cd and Br by density 34
with TB-mBJ.

Figure 11.26 | The two parts of the dielectric function as a function of 35
the energy of the incident photon (eV) without TB-mBJ.

Figure I1.27 | The two parts of the dielectric function as a function of 35
the energy of the incident photon (eV) withTB-mBJ.

Figurell.28 | Optical property as a function of incident photon energy | 36
(eV) along three crystallographic direction absorption
I(10%/cm), refractive index n, energy loss L and
reflectivity without TB-mBJ.

Figurell.29 | Optical property as a function of incident photon energy | 36

(eV) along three crystallographic direction absorption
I(10*/cm), refractive index n, energy loss L and
reflectivity with TB-mBJ.




General
INntroduction



General introduction

General introduction

The study of material properties significantly impacts technological and industrial
progress. This field's development relies on material manufacturing and
characterization, as well as physical modeling through numerical simulations.
Theoretical studies based on numerical simulations play an increasingly important role
in various domains, spanning from solid-state physics to molecular chemistry. To
understand the microscopic origins of material properties and interpret experimental
observations, numerical calculations and simulations are necessary as they describe the

interactions of numerous electrons and nuclei [1, 2].

Transition metal dihalide materials have been extensively studied due to their rich
physical properties and diverse technological applications. The electronic and geometric
structure of the seemingly simple first row transition metal dihalides M X, still challenge

both experimental and theoretical chemistry [1, 2].

Transition metal halides are studied comprehensively for their diverse physical and
chemical properties. Cadmium halide materials are an important example in this
context, as the electronic and geometric structures of these compounds also present

challenges to both experimental and theoretical chemistry [3].

Much research effort has been devoted to the study of cadmium halide materials due to
their rich physical properties and diverse technological applications. These compounds
are used in areas such as electronics, renewable energy, and lighting. Understanding
physical properties at the microscopic level and interpreting experimental observations
requires numerical calculations and modeling, a field that relies heavily on theoretical

studies and numerical simulations [3].

In this paper, we study cadmium dihalide (CdBr;) as an example of cadmium halides.
This compound is considered interesting due to its distinct physical properties and
potential applications. The structural, electronic and optical properties of CdBr, will be

analyzed.

In this paper, we will use the Wien2k code as the main tool to study cadmium bromide
(CdBr;). Wien2k is a computer program specialized in calculating the electronic

properties and crystal structure of solid materials.
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We will use quantitative computational methods to study this compound, such as
electron density modeling (DFT; density functional theory) and general densitometric
functional approximation (GGA) with the PBE approach, also with and without using
the exchange-correlation potential: TB-mBJ. We will perform accurate calculations of
the electronic properties and crystal structure of CdBr; using Wien2k, in order to better
understand the electronic structure and interactions in this compound. We can also

compare the results when using the DFT+U correction coefficient.

Using the Wien2k software, we will be able to determine the crystal lattice structure of
CdBr; and the distribution of atoms in it, as well as analyze electronic properties such as
energy band and state density. This study will allow a deeper understanding of the
properties of cadmium bromide and provide the fundamental knowledge necessary for

their future applications in optoelectronics and technology.

Also, we expect to provide accurate and reliable results for the contributing to
advancing our understanding of cadmium bromide and guiding future applications of

this promising material.

In this work, we divided the research into a theoretical part and an experimental part,
where in the first one we touched on the dihalide transition metal compounds and
focused on cadmium dihalides and then on the studied compound, which is cadmium
bromide compound CdBr,, and then we touched on the properties that we will

investigate (structural, electronic, and linear optical properties).

In the experimental part, we present two parts, namely DFT and DFT+U, where two
method are used; with and without TB-mBJ for each part. Finally we write our general

conclusion.
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Chapter I: Theoretical part

1.1. Introduction

Transition metal dihalides are a class of compounds that have attracted significant
interest due to their unique chemical and physical properties. These compounds are
composed of a transition metal and two halogen atoms, which can vary depending on
the specific compound. Transition metal dihalides have been extensively studied due to
their potential use in a wide range of applications, including electronics, catalysis, and
data storage [1].

In recent years, researchers have made significant progress in understanding the
properties and behavior of transition metal dihalides. Advances in materials synthesis
and characterization techniques have allowed for the preparation and study of a wide
range of these compounds, leading to new discoveries and applications [1].

1.2. MX2 compounds

MX> compounds are a family of inorganic compounds consisting of a metal element
(M) and a non-metal element (X). The general formula for MX, compounds describes
the ratio of the two elements in the compound, with M representing the metal and X

representing the non-metal.

1.3. Transition metal dihalides MX>

Binary transition metal dihalides MX2 (M = transition metal, X = halogen: ClI, Br, I, and
F) are a promising materials family with a wide range of potential applications. These
compounds are typically layered materials, composed of metal cations sandwiched
between halide anions in a crystalline lattice structure [2].

In summary, binary transition metal dihalides MX; are a highly promising materials
family with a wide range of potential applications. The tunable electronic properties and
ability to undergo intercalation reactions make these materials highly attractive for use
in optoelectronics, energy storage, and catalysis. There is ongoing research in this area,
with the aim of developing novel MX-based materials with even more enhanced

properties and applications.

1.4. Transition metals

Transition elements (also known as transition metals) are elements that have partially

filled d orbitals. IUPAC defines transition elements as an element having a d subshell
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that is partially filled with electrons, or an element that has the ability to form stable
cations with an incompletely filled d orbital [3].

The transition metals exhibit typical metallic properties such as malleability, ductility,
high tensile strength, and metallic cluster. They are generally good conductors of heat
and electricity and tend to crystallize in BCC (body-centered cubic), CCP (cubic close-
packed), or HCP (hexagonally close-packed) structures [3].

In this regard, we focus on the transition metal: cadmium

1.4.1. Cadmium Cd

Cadmium (Cd) is a metallic element with a silvery-gray color. It was first discovered in
Germany in 1817. In terms of its physical properties, cadmium is similar to zinc and tin.
It exhibits great resistance to corrosion, excellent electrical conductivity, and a low
melting point. The stable form of cadmium at room temperature is hexagonal in
structure, with atoms arranged in a close-packed plane. It has versatile coordination

abilities, allowing it to form various structures [4].

Cadmium

atomic atomic weight

number

48 112414
'__ acid-base properties
symbol\ C d of higher-valence oxides
I~
electron % \crystal structure
—_

configuration
| [Kr]4d105s2

physical state

name — | cadmium at 20 °C (68 °F)
D Transition metals — Solid
® Hexagonal ' Weakly basic

Figure 1.1: Properties of cadmium element [4].

Cadmium has gained importance in numerous industrial applications due to its desirable
properties. However, the release of cadmium into the environment can have adverse
ecological and health effects. Its chemistry closely resembles that of zinc.

The Cd?* ion the most common oxidation state of cadmium, this has prompted extensive
research in the field of cadmium coordination chemistry and the development of new

compounds with applied interests [4].
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1.4.2. CdX, Compounds

Cadmium compounds with the general formula CdX., where X represents a halogen
element (fluorine, chlorine, bromine, or iodine), are known as cadmium halides. These
compounds exhibit a strong structural anisotropy and can be cleaved along their basal
planes due to their layered structure. In this structure, layers of cadmium atoms are
sandwiched between two sheets of halogen atoms.

Cadmium halides, including cadmium fluoride (CdF.), cadmium chloride (CdCly),
cadmium bromide (CdBr.), and cadmium iodide (Cdlz), have diverse properties and
find various applications [4, 5].

¢+ Cadmium fluoride (CdF>) is used in electronics and optics; to produce crystals for
lasers; in the manufacture of phosphors and glass; in high temperature dry-film
lubricants; and as a catalyst in organic reactions [6].

<+ Cadmium chloride (CdCl2) have fungicides properties, CdCl, is also used in
photography, in dyeing and printing of textiles, in galvanoplasty, in mirror
manufacture, and in the preparation of Cd yellows and reds [4].

¢ Cadmium bromide (CdBrz) finds application in photography, specifically in the
preparation of silver bromide emulsions. It is also used as a catalyst in organic
synthesis reactions, such as the synthesis of aryl bromides [4].

% Cadmium iodide (Cdl2) is used in lithography, process engraving, photography,
electroplating, and in the manufacture of phosphors [6].

Table 1.1: Some properties of cadmium dihalides [4].

CdF2 CdCl2 CdBr: Cdl:
Crystal structure Cubic Trigonal Trigonal Hexagonal
Distance Cd-X (A) 2.33 2.74 2.82 2.99
Density (Kg.m?) (at 298K) 6330 4047 5192 5670
Solubility (g/100 g water) 4.35 140 95 86
(25°C) (20°C) (18°C) (25°C)

Overall, cadmium halides possess unique structures and properties that make them
suitable for various industrial applications, ranging from optical coatings and catalysts
to photography and chemical synthesis.

Many researches and studies have been conducted on the physical, electronic and

optical properties of cadmium halide compounds, which can be summarized as follows:

6
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= Pollini and his colleagues have studied the optical reflectivity and the electronic
structure of layered cadmium halides [5].

= Structural, optical and porosity properties of Cdl2 thin film were investigated by I.A.
Kariper [7].

= Group of researchers (Z. Yan, K. Yin, Z. Yu, X. Li, M. Li, Y. Yuan, X. Li, K. Yang,
X. Wang, L. Wang) have presented the pressure-induced evolution of the band-gap,
conductance, and crystal structure of layered transition metal dihalide Cdl [2].

= A.l Kalugin and V.V. Sobolev studied the electronic structure of the cadmium
fluoride [8].

= R.S. Mitchell used the X-Ray to study the structural polytypism in cadmium
bromide CdBr2 [9].

A fair amount of research has been done on the electronic and optical properties, and on
the photoconductivity. In addition, cadmium halides have not been studied extensively.
The electronic properties of these compounds are still not widely known. This is why
we decided to study the properties of cadmium halides, especially cadmium bromide, on
which there are not many studies, and this compound is considered promising in the

field of technology and industry.

1.5. Cadmium bromide (cadmium (+11) dibromide)

1.5.1. Structural properties

It is a compound consisting of cadmium, a chemical element and a transition metal with
the symbol Cd and the atomic number 48. It is found naturally in the earth’s crust,
although it is rare on its borders, and bromine is a halogen element bearing the symbol
Br and the atomic number 35. Binary bromine does not occur naturally, but it can Find
bromine salts in the rocks of the earth's crust [10].

Cadmium bromide belongs to the class of inorganic cadmium compounds generated
from metals [10].

Cadmium bromide exists in two crystalline forms, the hexagonal form and the rhombic
form. The main difference between them is the arrangement of the atoms around the
central atom of cadmium [11, 12].

In the hexagonal image, six bromine atoms are present at equal angles around the

central atom of cadmium, thus the image is characterized by six-sided symmetry. In the
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rhombic image, the bromine atoms are present at different angles, which leads to the
loss of six-sided symmetry. This change in the arrangement of the atoms can lead to a
change in the physical and chemical properties of the compound, such as the solubility
point, melting point, boiling point, density, electrical and thermal conductivity. In
addition, hexagonal cadmium bromide is more stable and stable than the given
compound, due to the symmetric arrangement of the atoms in the form Hexagram. In
general, any change in the arrangement of the atoms can lead to a change in the

chemical and physical properties of the compound [11, 12].

et
At
@\’%+;’,, '@#ﬁﬁ*ﬁ'

0"‘0

Figure 1.2: The hexagonal structure of Figure 1.3: The trigonal structure of cadmium
cadmium bromide compound [12]. bromide compound [11].

Br. _Br
Cd

Figure 1.3: Chemical formula of cadmium dibromide [10].

The most common structure is the hexagonal shape. It has a molecular weight of
272.22g.mol %, and it comes in the form of white-yellow hexagonal solid crystals, and it
aggregates easily in moisture. Its boiling point is 863°C, and its density is 5.192 g.cm?,
When heated to dissolution, it releases a toxic vapor consisting of cadmium and
hydrobromic acid. Cadmium bromide is used in photography, chemical etching, and
lithography. The anhydrous material can be prepared directly from the elements at
elevated temperature or from a mixture of cadmium acetate anhydrous, glacial acetic
acid and acetyl bromide. It must be warned that toxic vapors of cadmium oxides may be

released during fires [10].
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Cadmium bromide is prepared by heating cadmium with bromine vapor. Also the
compound can be prepared by the treatment of dry cadmium acetate with glacial acetic
acid and acetyl bromide. Alternatively, it may be obtained by dissolving cadmium or
cadmium oxide in hydrobromic acid and evaporating the solution to dryness under

helium in an inert atmosphere [6].

1.5.2. Electron configuration

Cadmium has an electron configuration as follows:
[Cd]: 1s? 25? 2p® 352 3p° 452 3d10 4p°® 552 4d%°
As for bromine, it has the following electron configuration:
[Br]:1s? 2s2 2p® 3s? 3p°® 4s? 3d*° 4p°

For cadmium bromide (CdBrz), cadmium provides two of its electrons to form covalent
bonds with the two bromine atoms, which need two more electrons to complete their
electron distributions. Thus, the electron distribution in the cadmium bromide

compound is as follows:
Cd: [1s? 252 2p°® 3s? 3p°® 4s? 3d10 4pf]
Br: [1s? 252 2p® 3s? 3p® 4s? 3d0 4p°] [1s? 25 2pb 3s? 3pb 4s? 3d1° 4p°]
And the link between the bromine and cadmium atoms is done by exchanging a pair of

shared electrons, and thus the distribution of electrons in the compound becomes as

follows:

[Cd] [Br] [Br]: [1s? 2s? 2p® 3s? 3p6 4s? 3d10 4p®] [1s? 252 2pb 3s? 3p® 4s? 3d'0 4p®] [1s?
252 2p® 352 3pb 4s? 3d1° 4p®)

1.6. Structure-property relationship

Studies of the structural, optical, and physical properties of solids are fundamental areas
of the chemical and physical sciences of matter. This field involves the study of the
crystal structure and its optical and electrical properties, which can influence the uses of
the material in various applications, including electronic devices, solar panels, and

many other applications.
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In this study, we will focus on studying the structural, physical and optical properties of
cadmium bromide, which is one of the common compounds used in electronic devices
and photonic applications. We will try to understand the crystal structure of the
compound and how it affects its optical properties, using Wien2k code. Through this
study, we will seek to reveal some interesting physical and optical properties of

cadmium bromide, which could open the way for its use in new applications.

1.7. Wien2k code

Wien2k code is a software used to study the electronic and structural properties of
solids. This program uses density functional theory (DFT), a theory used to calculate the
electronic properties of materials. This software is widely used in many fields, such as
physics, chemistry, and material engineering [13].

The results of the calculations can be obtained after the analysis is completed, and these
results include information on the crystal structure of the system and the electronic and
spectral properties of the material [13].

In general, the Wien2k code can be used to study many structural properties of solids,
such as crystal arrangement, crystal formation, atomic arrangement, etc., and it can also
be used to study electronic properties of materials, such as density ratio of states, Band
Structure, Charge density, and optical properties, such as absorption, energy loss,
refraction, index of reflection and dielectric function [13].

1.8. Structural properties

Studying the structural properties of solids can be one of the most important aspects in
understanding the behavior and physical properties of these materials. The structural
properties include many properties such as crystal structure, atomic arrangement, crystal
formation etc.

Several structural properties of cadmium bromide compound can be understood, such as
the strength of bonds between atoms and the atomic and crystalline arrangement of the
material. This helps scientists understand the impact of these properties on the physical
and chemical properties of the material, which opens the way for developing new
applications for cadmium bromide in areas such as electronics, solar energy and many

other applications [14].
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Crystal systems are responsible for the structural properties of materials. Crystal
systems differ greatly in the arrangement of atoms and ions within the crystal lattice,

and this affects the structural properties of the material [14].

1.9. Crystal systems

A crystal-class system, or crystal system for short, contains complete geometric crystal
classes of space groups. All those geometric crystal classes belong to the same crystal
system which intersects exactly the same set of Bravais classes [15].

Seven crystal systems can be found in three dimensions [16]:

e Cubic : a=b=c , a=p=y=90°

e Tetragonal : a=b#c , a=pB=y=90°

e Orthorhombic : azb+#c , a=p=y=90°

e Rhombohedral : a=b=c , a=PB=y+#90°

e Hexagonal : a=b#c , a=p=90° vy=120°
e Monoclinic : azb#c , a=y=90° B#90°
e Triclinic ; azb#c , aFP#y

1.10. Electronic Properties

Electronic properties refer to properties related to electrons in materials. Electronic
properties are among the basic properties of materials, as they determine the properties
of electrical transmission, optical properties, and others.

Among the important electronic properties that can be studied in materials we found

band structure, density of state (DOS), and charge density [17].

1.10.1. Band structure

Band structure describes the ranges of energy that an electron within a solid may have
or ranges of energy that it may not have. It provides electronic levels in crystal structure
which are characterized by a Bloch vector k and a band index n. The band theory can be
used to explain many electrical, optical, magnetic, and physical properties of crystals
[18].
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1.10.2. Density of state (DOS)

The density of state (DOS) is a concept used in condensed matter physics to describe
the distribution of available quantum states per unit energy in a material or system. It
provides information about the number of energy states available to particles, such as
electrons or phonons, within a certain energy range. The density of state is often
denoted as a function of energy and can vary depending on the material's electronic or
vibrational structure. It characterizes the probability of finding a particle in a particular
energy state. The DOS is an important quantity in understanding various physical
properties of materials, such as electrical conductivity, thermal conductivity, and optical
absorption. It plays a crucial role in describing the behavior of electrons in solids, the
energy levels in semiconductors and insulators, and the vibrational modes in crystals.
The DOS is often calculated or measured experimentally to analyze and predict the
behavior of materials in different physical and chemical processes [19].

In our case, usually we are interested with the internship between states to predict the
nature of bonds between atoms consisting the studied system. Also, the electronic gap is

estimated prior to be confirmed with band structure calculations.

1.10.3. Charge density

Charge density is a complementary tool to achieve a good understanding of the
electronic structure of the studied system. Charge density limits also help in
understanding the properties of bonds and electron charge density shows us the nature

of bonds in compounds, whether they are ionic, covalent, or even mixed in nature [20].

I.11. Optical properties

There are many optical properties of materials, the most important of which are:
dielectric function, and other linear optical properties as absorption coefficients I(®),

reflectivity R(w), energy-loss function L(w) and refractive indices n().

1.11.1. Dielectric function

The dielectric function is a fundamental quantity that describes the interaction of
electromagnetic radiation with a material. It provides a complete description of the
optical properties of a material, including its reflectivity, transmittance, and absorption.
The dielectric function is a complex quantity that consists of a real part and an

imaginary part. The real part of the dielectric function is related to the refractive index
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of the material, while the imaginary part is related to its absorption coefficient. The
dielectric function is used extensively in the study of optical properties of materials and
is an important tool in the design and optimization of optical devices [21].

The dielectric function is a critical scientific function that describes the response of a
material to the electromagnetic field of light. From this function, we can deduce various
other optical properties of the material, such as the refractive index, absorption
coefficient, reflectivity, and electron energy loss function. The refractive index
measures a material's ability to bend light or refract it as it passes through it. The
absorption coefficient, on the other hand, quantifies the amount of light absorbed by a
material when exposed to a specific electromagnetic wave. Reflectivity is the material's
ability to reflect light that strikes its surface, while the electron energy loss function is a
measure of the energy lost in the material when exposed to light. In summary, the
dielectric function is the key to understanding and deriving the various optical
properties of a material, which has numerous applications in fields such as materials

science, optics, and photonics [21].

1.11.2. Other linear optical properties
All other properties can be calculated from both real and imaginary parts of the
dielectric function [22]:

e Absorption I(w): For optical gap estimation.

e Reflectivity R(w).

e Energy loss L(w): Describes the energy of an accelerated electron passing
through the crystal.

e Refractive index n(m).

The equations below allow the calculation of these properties [22]:

I(w) = V2w.[VE(w) + &(w)el(w)¥
) = [E 1] [\s(w) 1]

Jelw)+1 le(w)+ 1

L(w) = 2(w)/(£ (w)+ £ (w))
n(w) = 1/V2.[Ve(w) + E(w)+ 1(w)]%
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I1.1. Introduction

Experimental studies of chemical compounds are essential for understanding their
properties and potential applications in various fields. Cadmium bromide is one such
compound that deserves attention due to its unique properties and wide-ranging
applications.

The study aims to conduct a comprehensive experimental analysis of the unique properties
and wide-ranging applications of cadmium bromide using the Wien2k code. This
advanced computational tool is used for theoretical electronic calculations and predicting
the physical properties of compounds. By applying the Wien2k code, the study will
analyze the compound's electronic, structural, and optical properties, including band
structure, electronic density of states, atomic arrangement, crystal structure, absorption,
reflectivity, energy-loss, and refractive indices.

The insights gained from this study will expand scientific knowledge about cadmium
bromide and guide future research, leading to improved utilization of this compound in

practical applications such as electronics and imaging.

I1.2. Calculation details and parameters

I1.2.1. Adopted method
The calculation process for each material using Wien2k starts by manually inputting the
following data:
« The atomic number (Z) for each element present in the material.
« The crystal system, including the Bravais lattice and space group.
« Mesh parameters, which consist of the lattice parameters (a, b, ¢) and the angles
between them (o, B, 7).
« The positions of atoms within the crystal structure, specified by their coordinates
x,y,2) [1].
This input data is essential for setting up the calculation and determining the electronic

and structural properties of the material using Wien2k.

11.2.2. Code Wien2k

The calculations made with Wien2k have the following details:

*  Method: FP-LAPW; all electron (full potential-linearized augmented plane waves).
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* DFT density functional theory and also a DFT+U (DFT+U is a correction coefficient
used in PBE-GGA approximation and the letter U symbolise for Hubbard).

* Approximation: PBE-GGA (Generalized Gradient Approximation of PerdewBurke-
Ernzerhof) [2].

* Exchange-correlation potential: TB-mBJ (Tran and Blaha modified Becke-Johnson
potential).

* Calculated properties: structural, electronic (band structure, densities of states; total
and partial and charge density) and linear optics (dielectric function ®, absorption

coefficient I, reflectivity R, energy loss L and refractive index n) [1].

I1.2.3. Calculation details
The table below II.1 represents the input data for the compound CdBr».

Table I1.1: CdBr» calculation details.
Compound Class Space Group RKmax RMT (bohr) Kpoint

CdBr: Hexagonal P63mc 7 Cd=2.20 10*10*11
N°186 Br=2.00

I1.3. Properties calculations by DFT

Density-functional theory (DFT) is a computational quantum mechanical modelling
method used in physics, chemistry and materials science to investigate the electronic
structure (or nuclear structure) (principally the ground state) of many-body systems, in
particular atoms, molecules, and the condensed phases. Using this theory, the properties
of a many-electron system can be determined by using functionals, i.e. functions of
another function. In the case of DFT, these are functionals of the spatially dependent
electron density. DFT is among the most popular and versatile methods available in
condensed-matter physics, computational physics, and computational chemistry [3]. In
the calculations we used the PBE-GGA approximation with and without TB-mBJ. TB-
mBJ stands for Tran-Blaha's modified Becke-Johnson potential. It is a form of density
functional theory (DFT) that addresses the shortcomings of standard DFT in accurately
describing electronic properties, especially for systems with strongly correlated electrons

or with large band gaps [4].
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PBE-GGA stands for "Perdew-Burke-Ernzerhof Generalized Gradient Approximation."
It is a type of approximate exchange-correlation functional in Density Functional Theory

(DFT) used to calculate the electronic properties of many-body systems [2].

I1.3.1. Structural properties

In order to determine the equilibrium structural properties of the cadmium bromide
compound using the PPE-GGA approximation, we performed a series of calculations to
evaluate the total energy and the optimal volume. Our objective was to determine key
parameters such as the lattice parameter a0, the compressibility modulus B and its
derivative with respect to the pressure B'.

To do this, we used the self-consistent method to calculate the total energy and the
corresponding volume for different values of the lattice parameter in a neighborhood of
the experimental parameter acxp. This approach allowed us to obtain precise data on the
variations of the total energy according to the volume for the compound of cadmium
bromide.

Figure II.1 and II.2 illustrate these variations of total energy as a function of volume and
c/a, using the approximation PBE-GGA. These figures helped us analyze the results and

determine the optimal volume as well as other relevant structural properties.

-43237.555

-43237.560

-43237.565

Energy [Ry]

-43237.570

-43237.575

-43237.580 T T T T T T T
1100 1150 1200 1250

Volume (a.u 3)

Figure I1.1: Variation of energy as a function of mesh volume with the PBE-GGA
approximation.
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Figure I1.2: Variation of energy as a function of c/a ratio with the PBE-GGA
approximation.

In order to determine the structural properties, it is first necessary to optimize the structure
to obtain a more stable structure which corresponds to a minimum total energy. below we
represent the variation of the total energy as a function of the volume and the deviation of

the ratio of the lattice parameters c/a. In the case of a hexagonal structure, the parameters

a and c are given by the formulas:

V= a2 xcxsin(60) I1.1
Table I1.2: Calculated and experimental lattice parameters and atomic positions.
Our results
i 1

Experimental [5] E=1(V) E=f(c/a)

a=b=3.985 a=b=4.05 a=b=4.05

Parameter [A] c=12.561 =12.77 =12.77
Aa/a (%) / 1.63 1.63
Ac/e (%) / 1.66 1.66

Energy (Ry) / -43237.5783 -43237.57805
V (A3) 172.75 181.39 181.39

AV/IV (%) / 5.01 5.01

The results obtained for cell parameters are close to experimental values with allowable
errors between +1.63% for a, and +1.66% for ¢ leading to an error of +5.01% in volume,

this lead us to conclude that PBE-GGA overestimate cell parameters.
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I1.3.2. Electronic properties

The importance of the electronic properties of a material lies in the fact that they allow us
to analyze and understand the nature of the bonds that form between the different elements
of this material. These properties include band structure, density of states (DOS), and
electron charge density using the PBE-GGA approximation.

The band structures, the electronic densities of state and the densities were calculated [6].

I1.3.2.1. Band structure

The energy band theory of solids is an approach used to study the electronic properties of
periodic structures, which makes it possible to classify all crystals into conductive,
semiconductive or insulating materials according to the degree of filling of the energy
bands in their ground state [6].

The electronic properties of semiconductors can be deduced from their band structure,
where the band gap width characterizes their conduction level. There are two main zones:
the conduction band (BC), corresponding to positive energies, and the valence band (BV),
corresponding to negative energies [1].

These bands are represented in reciprocal space, and for simplicity, only the directions of

high symmetry in the first Brillouin zone are considered.

11.3.2.2. Brillouin zone

The Brillouin zone is a specific region in reciprocal space associated with the crystal
lattice. It divides the reciprocal space into multiple zones known as Brillouin zones.
Each zone corresponds to the symmetry of the crystal lattice and encompasses a set of
points in reciprocal space. The boundaries of Brillouin zones are determined by the

energy levels and band structure of the crystal lattice [7].

Figure I1.3: Brillouin zone of HEX lattice. Path: I'-M-K-T"-A-L H-A|L-M|K-H [8].

20



Chapter II: Calculation part

The band structures were calculated for our material using the PBE-GGA approximations
with and without TB-mBJ to find the better combination that gives the closest value to
the experimental one. The band structures are calculated along the direction of the high
symmetry points M, H and I" in the Brillouin zone. The results obtained are illustrated in

figures 11.4 and IL.5.
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Figure I1.4: Calculated band structure for CdBr, without TB-mBJ.
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Figure IL.5: Calculated band structure for CdBr2 with TB-mBJ.

The obtained results reveal that with and without TB-mBJ there is a direct gap at the I'
point of symmetry, but the difference lies in the value of this gap where without TBmBJ
the value was less than with the introduction of TB-mBJ, where the results were as
follows:

* Eg (without TB-mBJ)=2.7eV

* Eg(with TB-mBJ)=4.3eV
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I1.3.2.3. Density of states
We calculated the total and partial (PDOS) densities of states (DOS) of CdBr2 compounds
with and without TB-mBJ. The results are shown in figure I1.6 and I1.7.
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Figure 11.6: Density of state total and partial of the CdBr> compound without TB-mBJ.
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Figure I1.7: Density of state total and partial of the CdBr, compound with TB-mBJ.

After plotting the calculated total and partial state densities of CdBr2 using PBE-GGA,

we note that:
The valence states are in the (BV), which is graphically in the period [-8;-6], due to the
contributions of the d-Cd states with a small peak from the p-Br orbital and the p-d orbital.
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This part is responsible for covalent bonding, and the period [-4;0] We note that the
contribution of p-Br has a dominant participation compared to s-Cd and d-Cd which have

a minor contribution.

For the conduction band (BC), we note in the period [2;5] that there is a contribution of
p-Br and s-Cd and a shy contribution of d-Br is shy, and in period [5;12] we note that
there are weak contributions from p-Br, d-Br and p-Cd, and in period [12;18] There are
also weak contributions of d-Br and very weak contributions of p-Br.

We note that there are no contributions for both f-Br and f-Cd states. Also, as noted, the
values are pretty much the same with or without the use of TB-mBJ but the difference lies
in the energy gap which when TB-mBJ was not used, was lower than when TBmBJ was

used, this confirms what we found in the band structure calculated energy.

I1.3.2.4. Charge Density
Electronic charge density shows us the nature of bonds in compounds, whether they are
ionic, covalent or even mixed in nature. The calculation of the charge densities led to the

results interpreted in the figures 11.8, and I1.9.
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Figure I1.9: Representation of bonds between Cd and Br by density with Tb-mBJ.
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The following remarks are underlined:

* Around the Cd and Br atoms the contours are deformed, thus implying a covalent
character for the Cd-Br bond.

* The results obtained from the analysis of the charge densities are in good agreement

with those released from the densities of state.

I1.3.3. Optical properties

The study of the optical properties allows for a better understanding of the electronic
properties. The interaction of the electromagnetic wave with matter causes the effects of
polarization and electron displacement. These processes shape the photoresponsibility of
the material and are characterized by the dielectric function made up of two real and
imaginary parts:

o =c1(0) +ie(n) I1.2

Knowing the two real and imaginary parts of the dielectric function makes it possible to
calculate other optical properties such as the refractive index n(w), the energy loss L(w),

the absorption coefficient a(w) and the reflectivity R(w) [9].

I1.3.3.1. Dielectric function

The first step in the calculation of the optical properties is the calculation of the dielectric
function in its two real and imaginary parts. The results of these calculations using the
PBE-GGA approximation with and without the TB-mBJ are grouped in the figures I1.10
and IL.11.

In the representation of the imaginary and real parts of the dielectric function of the CdBr»
compound, there are four main peaks A, B, C, and D which represent electronic transitions
between the states of Cd and Br atoms which agree with the results of the DOS
calculations.in the imaginary part, the peak is between [8-10] eV and corresponds to a

marked dip in the real part.

From epsilon 1, we note that there are negative values, and this indicates that there are

nonlinear optical properties, and this is called biaxial.
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Figure 11.10: The two parts of the dielectric function as a function of the energy of the

incident photon (eV) without TB-mBJ.
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Figure I1.11 : The two parts of the dielectric function as a function of the energy of the
incident photon (eV) with TB-mBJ.
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I1.3.3.2. Other linear optical properties
All other properties can be calculated from both real and imaginary parts of the dielectric
function:

* Absorption [(®)

* Reflectivity R(m).

* Energy loss L(w)

* Refractive index n(m).
The results obtained by PBE-GGA approximation with and without TB-mBJ are shown
in the figures I1.12 and I1.13:
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Figure I1.12: Optical property as a function of incident photon energy (eV) along three
crystallographic direction absorption I(10%/cm), refractive index n, energy loss L and

reflectivity without TB-mBJ.
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Figure I1.13: Optical property as a function of incident photon energy (eV) along three

crystallographic direction absorption I(10*/cm), refractive index n, energy loss L and

reflectivity with TB-mBJ.

The results obtained are shown in following table I1.3:

Table I1.3: Optical properties are calculated for CdBr».

With TB-mBJ Without TB-mBJ
Refractive Index n(®) | nx= 1.78 nzz=1.76 nxx= 2.067 nzz=2.042
Absorption (o) = Ixx=2.58 Ixx=4.85
optical gap (eV
ptical gap (eV) L.=2.47 Tu=4.73
Energy loss L(o) Lx=0.391, E=11.79 Lxw=0.516, E=12.69
Energy (eV) L.=0.505, E=11.39 L..=0.469, E=12.8
Reflectivity R(o) Rxx=0.1460, E=6.89 Rxx=0.206, E=5.70
Energy (eV) R2=0.0938, E=6.73 R,,=0.1351, E=5.75

It is noted that there is a difference in refractive index, absorption, energy loss, and
reflectivity when using the TB-mBJ but not using it, and it is also noted that the values of

the optical gap were close and similar to the energy gap.
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I1.4. Calculations of properties by DFT+U

According to conventional band theories, highly correlated materials are expected to be
electrically conductive, while exhibiting insulating behavior when measured
experimentally. Where scientists found a flaw in the application of the theory, so they
confirmed that the forces between electrons cannot be neglected, which leads to the band
gap in these conductors that was incorrectly predicted [10, 11].

Based on the Hubbard model, a DFT + U scheme was designed, which is mathematically
suitable for accurate calculations of electronic structures. The DFT + U method was
formulated to improve the ground state description of correlated systems. The main
advantage of the DFT + U method is that it is within the scope of DFT, and therefore it

does not require much effort to be implemented in existing DFT codes [10].

I1.4.1. Structural properties
Figure I1.14 and II.15 illustrate these variations of total energy as a function of volume

and c/a, using the approximation PBE-GGA+U.
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Figure I1.14: Variation of energy as a function of mesh volume.
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Figure I1.15: Energy variation as a function of c¢/a ratio.
From the previous figures, we conclude the results in the following table (I1.4).

Table I1.4: Lattice parameters and atomic, theoretical and experimental positions.

Experimental [5] Our results
E={(V) E=f(c/a)
Parameter [A] a=b=3.985 a=b=4.05 a=b=4.05
c=12.561 c=12.77 c=12.77
Aa/a (%) / 1.63 1.63
Acle (%) / 1.66 1.66
Energy (Ry) / -43237.2505 -43237.25025
V (A3) 172.75 181.397 181.397
AV/IV (%) / 5.01 5.01

We note that using DFT+U, there is a difference in the results in volume and c/a, as well

as the minimum energy value relative to the previous results.

We note that the values were close to the experimental values with a difference of +1.63%
and 1.66% in a and c values respectively with an error of 5.01 % in volume.

Also the overestimation tendency of PBE-GGA is verified.
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11.4.2. Electronic properties

11.4.2.1. Band Structure

Band structure plots illustrate the energy distribution of electrons in a material. The energy
difference between electrons with spin up and spin down refers to variations in the band
structure due to their spin orientations. Analyzing these energy differences helps
understand the properties of the material.

The calculation of the band structure was carried out with the PBE-GGA+U method
without and with TB-mBJ. The results obtained are illustrated in figures 11.16, 11.17, 11.18
and I1.19.
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Figure I1.17: Band Structure (up) without TB-mBJ.
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Figure 11.19: Band structure (up) with TB-mBJ.
From these figures we can notice that there’s no difference between the spinning of the
electron (being up or down), but at the same time there’s a difference when we use TBmBJ

and not using it. The obtained results here in DFT+U are the same with the results in DFT.

Eg" (without TB-mBJ) = Eg¥" (without TB-mBJ) = 2.7eV
Eg" (with TB-mBJ) = Eg®" (without TB-mBJ) = 4.3eV

11.4.2.2. Density of states

Calculation of the total and partial density of states by PBE-GGA+U with and without
TB-mBJ led to the results shown in figures 11.20, 11.21, I1.22, and 11.23.
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Figure I1.20: Density of state total and partial(down) of the CdBr. compound without
TB-mBJ.
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Figure 11.21: Density of state total and partial (up) of the CdBr. compound without
TBmBJ.

32



Chapter II: Calculation part

Wi

) —Total Cd
% ) —Total Br
—~
]
T
& ) R U
7 " . e
] = p-Cd
e 0.5 I e d-Cdl
(] h 1 —— f-Cd
I
0.0

1.0-
051 :
0.0 ‘ . : | : A B s

8 6 4 2 0 2 4 6 8 10 12 14 16 18
Energy (eV)

Figure I1.22: Density of state total and partial (down) of the CdBr> compound with
TBmBJ.
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Figure 11.23: Density of state total and partial (up) of the CdBr. compound with
TBmBJ.
From these numbers we can notice that there is no difference between the spin of the
electron (up or down).
The valence states are in the valence range (BV), which is shown graphically in the period
[-4; 0], due to the contributions of s-Cd and p-Br and a small contribution from p-Cd and
d-Cd.
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For the conduction band (BC), we note in the period [2; 5] that there is a contribution
from s-Cd and a shy contribution of p-Br, and in the period [5; 12] we note that there are
contributions from p-Cd and a weak contribution from d-Br and p-Br, and in the period
[12; 18] There are also weak contributions from d-Br, p-Br and p-Cd.

We note that there are no contributions for both f-Br and f-Cd. Also, as noted, the values
are pretty much the same with or without using TB-mBJ but the difference lies in the
energy gap which when TB-mBJ was not used, was lower than when TB-mBJ was used,

this confirms what we found in the structure of the calculated range of energy.

However, there is a difference in results between DFT and DFT + U.

11.4.2.3. Charge density
We calculated the charge density for the CdBr; with the PBE-GGA+U method and the

results are expressed in figures 11.24 and I1.25.
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Figure I1.25: Charge density in a plane containing Cd and Br atoms withTB-mBJ.

We can notice that there are no changes in the charge density between DFT and DFT+U.
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I1.4.3. Optical properties

11.4.3.1. Dielectric function

Figures 11.26 and I1.27 reflects the calculation result of the dielectric function by
PBEGGA+U with and without TB-mBJ.
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Figure 11.26: Reel and imaginary parts of the dielectric function as a function of the

energy of the incident photon (eV) without TB-mBJ.
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Figure I1.27 : Reel and imaginary parts of the dielectric function as a function of the
energy of the incident photon (eV) with TB-mBJ.
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The results of A, B, C, and D using DFT+U are slightly different from the results using
DFT.
11.4.3.2. Other optical properties

The other optical properties were also calculated with and without TB-mBJ and the results

are shown in figure 11.28 and 11.29.
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Figurell.28: Optical property as a function of incident photon energy (eV) along three
crystallographic direction absorption I(10*/cm), refractive index n, energy loss L and

reflectivity without TB-mBJ.
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Figure I1.29: Optical property as a function of incident photon energy (eV) along three
crystallographic direction absorption I(10%/cm), refractive index n, energy loss L and

reflectivity with TB-mBJ.
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The results obtained are shown in the following table (I1.5):

Table IL.5: Calculated optical properties for CdBr, with DFT+U.

with TB-mBJ without TB-mBJ
Refractive Index n(w)
Nxx=1.76 Nxx= 2.03
Energy=0 (eV)
Nz=1.74 Nzz=2.006
Absorption I(®w)= optical

gap (eV) Ixx= 2.46 Ixx= 4.53

12,=2.37 1,,=4.4

Energy loss L(o) (eV)

Lxx=0.398, E=11.82

Lz :0.488, E=11.33

Lxx=0.389, E=11.55

L.-=0.487, E=10.59

Reflectivity R(m)

Rxx=0.1425, E=6.97

E=6.78

Rz :0.087,

Rxx=0.194, E=5.78

Rzz=0.1286, E=5.89

IL.5. Comparison between PBE-GGA and PBE-GGA+U
Table I1.6: Comparison between PBE-GGA and PBE-GGA+U overall results.

PBE-GGA PBE-GGA+U
V (A3) 181.39 181.39
Energy (Ry) E=f(V)=-43237.57805 -43237.2505
E=f(c/a)=-43237.5783 -43237.25025
With TB-mBJ Without TB-mBJ With TB-mBJ Without TB-mBJ
Energy gap (eV) 2.7 4.3 2.7 4.3
Absorption (o) = Ixx=2.58 Ixx=4.85 Ixx=2.46 [xx=4.53
optical gap (eV) 1,=2.47 1,=4.73 1,=2.37 L~=4.4
Energy loss L(®) L« =0.391, Lx=0.516, Ly =0.398, L«=0.389,
Energy (eV) E=11.79 E=12.69 E=11.82 E=11.55
L.,=0.505, L.,=0.469, L,~0.488, L,,=0.487,
E=11.39 E=12.8 E=11.33 E=10.59
Reflectivity R(o) R=0.1460, Rxx=0.206, Ru=0.1425, Rxx=0.194,
Energy (eV) E=6.89 E=5.70 E=6.97 E=5.78
R.,=0.0938, Rzz=0.1351, R,,=0.087, R,,=0.1286,
E=6.73 E=5.75 E=6.78 E=5.89
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I1.6. Conclusion

According to the results obtained, we conclude that when using correlation potential TB-
mBJ, the results improve and are different from what they were if we did not use it,
especially with regard to the energy gap as well as the optical gap, and we also conclude
that the approximation is the overestimated approximation because the results were less
by a slight difference This also proves that the approximation PBE-GGA was correct to
some extent with respect to the experimental values that we found after optimizing the
volume.

From the final comparison, we conclude that there is no change in the obtained values
after using U correction, and we can expect from this that the compound is not
antiferromagnetic (has no magnetic properties).

Also, according to the final results, we can also expect that CdBr; is an insulating

compound because the energy gap was too large for it to be a conductor.
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General conclusion

The objective of our study was to study the cadmium bromide compound by using the

program Wien2k, specifically to study the structural, the electronic and optical properties
using the approximation PBE-GGA and then the division of labor using the potential TB-mBJ
, and also using the U correction.

The many results that can be extracted from this study are the most important of which are
the characteristics that make us expect what the compound is, such as the energy gap that was
without use TB-mBJ and using it as follows

E(without TB-mBJ)=2.7eV
E(with TB-mBJ)=4.3eV

From what we achieved, we expect that the compound to be as an insulator according to the
result of TB-mBJ which improved the results more, but we cannot be certain of that except
through laboratory experiments.

We also notice the difference in the results when using TB-mBJ where the differences were
clear, and on the contrary, when using the U correction, the results did not differ as shown in
comparison table.

Accordingly, we expect that the compound has no magnetic properties, due to the fact that the
U correction did not affect the results and also because there is no difference in the results of
spinning up and down, and also that there are no non-linear properties of the compound, due
to the presence of negative values in the dielectric function.
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