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ABSTRACT

SOME PHYSICAL PROPERTIES OF LiPaO3s COMPOUND:
AN AB INITIO STUDY

HUSSEIN, Khalat Ezzulddin
M.Sc. Thesis, Department of Physics
Supervisor: Assoc. Prof. Dr. Emel KILIT DOGAN
June 2022, 115 pages

In this study, the structural, electronic and elastic properties of LiPaO3z crystal have
been investigated by using ABINIT computer programme. ABINIT programme is based on
the Density Functional Theory. Density Functional Theory has some approximations to
calculate the pseudopotentials such as Generalized Gradient Approximation and Local
Density Approximation. Here, both approximations were used for all calculations in order to
compare all our results under these approximations.

In order to do those calculations, first we made the cut-off energy and k-point
optimizations. Afterwards we performed the volume optimization. In this level we
investigated the structural properties of LiPaOz crystal. We also obtained the sketch of unit
cell, bonds and the bond lengths by using VESTA computer programme. Then, we
investigated the electronic structure of LiPaOs crystal by calculating and plotting the
electronic band structure, the density of states of LiPaOz and the partial density of states. We
also investigated the optic properties of LiPaOgz crystal. Last of all, we focused on the elastic
properties of LiPaOz and we noticed that this crystal is mechanically stable and very elastic
material.

We believe that this thesis study will help to the researchers’ future studies on LiPaO3

crystal.

Keywords: ABINIT, Density functional theory, Density of states, Elastic properties,
Electronic properties, LiPaOs, Optic properties.






OZET

LiPaOs BILESIiGININ BAZI FiZiKSEL OZELLIiKLERI:
BiR TEMEL iLKELER CALISMASI

HUSSEIN, Khalat Ezzulddin
Yiksek Lisans Tezi, Fizik Anabilim Dali
Tez Danismani: Dog¢. Dr. Emel KILIT DOGAN
June 2022, 115 sayfa

Bu ¢aligmada, ABINIT bilgisayar programi kullanilarak LiPaOs kristalinin yapisal,
elektronik ve elastik 6zellikleri aragtirilmistir. ABINIT programi, Yogunluk Fonksiyonel
Teorisine dayanmaktadir. Yogunluk Fonksiyonel Teorisi, psddopotansiyelleri hesaplamak
icin Genellestirilmis Gradyan Yaklasimi ve Yerel Yogunluk Yaklagimi gibi bazi
yaklagimlara sahiptir. Burada, tiim sonuglarimizi bu yaklagimlar altinda karsilagtirmak icin
tim hesaplamalar igin her iki yaklasim da kullanilmistir.

Bu hesaplamalar1 yapabilmek i¢in Oncelikle kesme enerjisi ve k noktasi
optimizasyonlarini yaptik. Daha sonra hacim optimizasyonunu gergeklestirdik. Bu seviyede
LiPaOs kristalinin yapisal dzelliklerini aragtirdik. VESTA bilgisayar programini kullanarak
birim hiicre, bag ve bag uzunluklarimin taslagini da elde ettik. Daha sonra, LiPaOs'lUn
elektronik bant yapisini, durum yogunlugunu ve kismi durum yogunluklarint hesaplayip
cizerek LiPaOs kristalinin elektronik yapisini aragtirdik. Ayrica LiPaOz kristalinin optik
oOzelliklerini arastirdik. Son olarak, LiPaOz3'lin elastik 6zelliklerine odaklandik ve bu kristalin
mekanik olarak kararli ve ¢ok elastik bir malzeme oldugunu fark ettik.

Bu tez ¢alismasinin arastirmacilarin LiPaOs kristali ile ilgili gelecekteki ¢alismalarina

yardimci olacagina inantyoruz.

Anahtar kelimeler: ABINIT, Durum yogunlugu, Elastik 6zellikler, Elektronik

Ozellikler, LiPaOs, Optik dzellikler, Yogunluk fonksiyoneli teorisi.






ACKNOWLEDGMENT

In the present world of competition there is a race of existence in which those are
having will to come forward succeed. Project is like a bridge between theoretical and
practical working. With this willing, | joined this kind of theoretical project.

First of all, 1 would like to thank the supreme power the almighty God who is
obviously the one has always guided me to work on the right path of life and letting me
through all the difficulties, without his grace this project could not become a reality.

The research has been given to me as a part of the curriculum in 2 years master degree
in solid state. | have tried my best to present this information as clearly as possible using
basic terms that | hope will be comprehended by the widest spectrum of researchers, analysts
and students for future studies.

I have completed this study under the able guidance and supervision of (Assoc. Prof.
Dr. Emel KILIT DOGAN), | would like to acknowledge and giving my warmest thanks to
my honorable dear Assoc. Prof. Dr. Emel for her supervision throughout the working time
who made this work possible, she helped me a lot sharing her invaluable knowledge with me
and carried me through all the stages of writing my project. |1 would also like to give special
thanks to my husband (Amanj) who has always helped me to complete this project, my
children (Taman and Meer) and my family as a whole for their continuous support and
understanding when undertaking my research and writing my project. their prayer for me was
what sustained me this far. Finally, 1 am highly obliged in taking the opportunity to sincerely
thanks to all the staff members of the department of physics for their generous attitude and
friendly behaviors. At last, but not the least | am thankful to all my teachers and friends who
have been always helping and encouraging me throughout the year. I have no valuable words

to express my thanks, but my heart is still full of the favors received from every person.

2022
Khalat Ezzulddin HUSSEIN






TABLE OF CONTENTS

Page

ABSTRAGCT ettt s ettt ettt e et e st e be b et e s e et et e ne ettt e et s [
OZE T o, iii
ACKNOWLEDGMENT ...t et e e e e ae e ntna e e o e easeaeneas v
TABLE OF CONTENTS L.ttt nee e nae e annae e vii
LIST OF TABLES ...ttt ettt e nne s Xi
LIST OF FIGURES .......coo oottt sttt ettt ne s s Xiii
SYMBOLS AND ABBREVIATIONS .....ooo ettt XVii
L. INTRODUCGTION ... tii ettt et e et e e et e e s ssaeessneeeasaeeaneeeanseeeaneeens 1
2. LITERATURE REVIEW ...ttt 3
3. THEORETICAL BACKGROUND .....ccoviiiiiriiiiiieiet ettt saeneanns 7
3.1. Classification OF SOHAS .......ccccuiiieiieiii e 7
3.2, CrYSLAl STIUCIUIE ...ttt 8
3.3. Types of Crystal Structures and Bravais LattiCe ............ccoccvvveiveriiiieieeie e 9
3.3.1. One dimensional Crystal............cccoiiiiiiicii e 9

3.3.2. Two dimensional Crystal ... 10

3.3.3. Three dimentional Crystal ...........ccooiiiiiiiiii e 11

3.4. DIffraction iN CryStalS .......cccccvoiiiiiiiiicc et 13
3.5. Bragg’s Law of X-ray DIffraCtion ..........c.ccoeiiiiiiiiiiiinceec e 15
3.6. RECEPIOCAI LALIICE .....eeevieeiiiiiee et 16
3.7 BIHHOUIN ZONE........o ettt ettt nre et eneenne e eneenneas 18
3.8, IMHIIET INAICES ...ttt sre et eneenre e eneenreas 20
3.9. Band Structure iN CryStalS ........ccvoiii i 23
3.9.1. Transition from atomic levels to bands..........cccooeiiriiiienii e 23

3.9.2. Energy band formation in SOldS. ..o 24

3.10. OPLICAl PrOPEITIES ..ottt bbb 26
3.10.1. OPtiCal CONSLANTS .....eeivvieiiecie et 27

3,11, EIAStIC PrOPEITIES ...veiiiiiiie ettt ree s 30

Vii



3.11.1. EIGSHIC CONSTANTS ..ottt sttt 31

3.12. Perovskite DefiNitioN ........cccooeiiiiiiiiiinieie s 34
3.12.1. Properties of perovskite Mineral...........ccocooviiriiiiiiienesc e 35

3.13. The Multi-Particle Problem ... 36
3.13.1. Born-Oppenheimer (adiabatic) approach ............cccvveveveevieve s 39
3.13.2. Hartree method and self-consistent field...........c.ccoooeviriniiiiniineen, 40
3.13.3. Hartee-FOCK MEethod...........coiiiiiieiieece e e 41
3.13.4. Slater determinant and Change ENErgy.........c.ccooueeereererenereseseseseeeeneas 43
3.13.5. Correlation BNEIGY .......ccciieiieeieeie sttt 44
3.13.6. Thomas-Fermi theory and dirac change energy ........ccccceevveveevieseeseernene 45
3.13.7. Density functional theory (DFT) .......ccccviiiiiiiiniieienee e 46
3.13.8. Hohenberg-Kohn’s thEOrEMS .........cccoviiiiiniiiiieieie e 47
3.13.9. Kohn-Sham equAationS ..........cccccovieiieieiie i 49
3.13.10. Local density approximation (LDA) ........ccccviveiieie e 51
3.13.11. Generalized gradient approach (GGA)........ccooviirieieieni e 52
3.13.12. Pseudopotential Method ... 53

4. RESULTS AND DISSCUSION.......ccciiiiiiitiieitee ettt st ene e 55
I |- T O V1 - | SO TURSRPRRR 55
4.2. Structural Properties of LiPaO3 Crystal..........ccccooviiriiiiiiiiiceese e, 55
4.2.1. CUL-OFF BNEIGY ittt bbbt 56
4.2.2. NUMDEr OF K-POINTS....ccuiiiiiiiiiiee et 57
4.2.3. Volume OptimiZation ..........c.coiveiiiiiieiicc e 59
4.2.4. Lattice parameters of LiPaO3z Crystal ..........c.ccoovvviiiiiinineeee 63
4.2.5. Unit cell of LiPaO3 Crystal..........coooiiiiiiiiiiiiiieeeese e 65

4.3. The Electronic Properties of LiPaO3 Crystal ...........cccooiiiiiiiinienieee e 65
4.3.1. Electronic band SLrUCLUIE .........cooeiiiiieie e 66
4.3.2. Density OF StateS (DOS) .....ciuiiiiiieieieiiesie e 69
4.3.3. Partial density of StateS (PDOS) .....cccooiiiiiiiiiiireiee e 71

4.4. The Optical Properties of LiPaO3z Crystal..........cccooeiiiiiiniiniiee e, 74

viii



4.5. The Elastic Properties of LIPaO3 Crystal ...........ccoeriiiiiiiiniiienec e 78
5. CONCLUSION ..ttt b et sbe e b e e bt e et e e saeeebeennne s 81
REFERENGES ... .ot 83
EXTENDED TURKISH SUMMARY ... 89
CURRICULUM VITAE. ... oottt sttt 115






LIST OF TABLES
Table Pages

Table 3.1. The 2D five crystal system and their Bravais lattices (Oura et al., 2003;
GalSin, 2019). .oeiiiecie e 10

Table 3.2. The seven crystal systems and their Bravais lattices (Ott-Borchardt, 1995;
Hammond, 2015).. ..ot 12

Table 4.1. The calculated elastic stiffness constants of LiPaOs; under GGA and LDA...78

Table 4.2. Some elastic modulus and constants of LiPaO3 crystal under GGA and
LDA apProXiMmations .......cc.ecveiueeiieieesieeieseesreeseeseesteeaesseesteesesseesseensesseesnas 79

Xi






LIST OF FIGURES
Figure Page
Figure 3.1. Atomic structure of each type of Monocrystalline (single crystalline),
Polycrystalline and Amorphous solid according to the theory periodicity
(Alajlani et al., 2018) .....cceeveiieriieee e 8

Figure 3.2. Two-dimensional crystal lattice which contains space lattice and basis
(Mello and Cavalcanti, 2020).. ......ccooovereerieie e 8

Figure 3.3. Five types of planar 2D lattices (Grundmann, 2016; Oura et al., 2003). ..... 11

Figure 3.4. 14 Bravais lattices classified according to their lattice system (Solyom,
2007; Reventos et al., 2012; Hammond, 2015). ......c.ccccoeiveveiieveecieseens ... 13

Figure 3.5. Diffraction patterns of X-rays from crystal planes in accordance with
Bragg's law (Tilley, 2006; Nasir, 2018).. ....cccccvrieerviieiienesie e 15

Figure 3.6. Brillouin zone for the different type of two-dimensional reciprocal
lattice (a) rectangular lattice (b) hexagonal lattice (Grenier and Ballou,
Figure 3.7. Brillouin zones of the square lattice in two dimensions are seen here
(DOItPOMS, 2021) ..oveeveeieciee ettt st 19

Figure 3.8. Semiconductor band structure (Valence and Conduction bands, 2021)...... 25

Figure 3.9. Schematic conduction band (CB) and Valence band (VB) for (a) Metals

(b) Insulators (c) Semiconductors (Rioult, 2015). ......ccccccevcvevvrieiieeine. 26
Figure 3.10. ABX3 perovskite structure (Luo and Daoud, 2015).........ccccccviirenirnninnne. 34
Figure 3.11. Electron quantum configuration of lithium (Li).......cccccooviiiinininiiiie 43
Figure 3.12. Representation scheme of the Hohenberg and Kohn theorem. .................. 48

Figure 3.13. Represent the Kohn and Sham approach which is H-K theorem applied
to the non-interacting ProbIEMS. .......coooiiiiieie e 50

Figure 3.14. Schematic illustration of the pseudo wave function, pseudopotential
with the all-electron wave function, and all-electron potential.. ............... 54

Figure 4.1. The change in total energy with respect to cut-off energy for LiPaO3
1] g0 =1 g1 € SR 56

Xiii


file:///C:/Users/hi/Desktop/hawzhin/Hawzhin%20Rzgar%20Sor-Yüksek%20Lisans%20Tezi-Yeni.docx%23_Toc80605653
file:///C:/Users/hi/Desktop/hawzhin/Hawzhin%20Rzgar%20Sor-Yüksek%20Lisans%20Tezi-Yeni.docx%23_Toc80605653
file:///C:/Users/hi/Desktop/hawzhin/Hawzhin%20Rzgar%20Sor-Yüksek%20Lisans%20Tezi-Yeni.docx%23_Toc80605654
file:///C:/Users/hi/Desktop/hawzhin/Hawzhin%20Rzgar%20Sor-Yüksek%20Lisans%20Tezi-Yeni.docx%23_Toc80605655
file:///C:/Users/hi/Desktop/hawzhin/Hawzhin%20Rzgar%20Sor-Yüksek%20Lisans%20Tezi-Yeni.docx%23_Toc80605655
file:///C:/Users/hi/Desktop/hawzhin/Hawzhin%20Rzgar%20Sor-Yüksek%20Lisans%20Tezi-Yeni.docx%23_Toc80605656
file:///C:/Users/hi/Desktop/hawzhin/Hawzhin%20Rzgar%20Sor-Yüksek%20Lisans%20Tezi-Yeni.docx%23_Toc80605656
file:///C:/Users/hi/Desktop/hawzhin/Hawzhin%20Rzgar%20Sor-Yüksek%20Lisans%20Tezi-Yeni.docx%23_Toc80605657
file:///C:/Users/hi/Desktop/hawzhin/Hawzhin%20Rzgar%20Sor-Yüksek%20Lisans%20Tezi-Yeni.docx%23_Toc80605657
file:///C:/Users/hi/Desktop/hawzhin/Hawzhin%20Rzgar%20Sor-Yüksek%20Lisans%20Tezi-Yeni.docx%23_Toc80605657

Figure Page
Figure 4.2. The change in total energy with respect to cut-off energy for LiPaOs
UNCEE LDA . ettt eas 57
Figure 4.3. Total energy with respect to Monkhorst-Pack grids under GGA
apProxXimation for LiPaO3 . .....ccccuviiiiiiinieeie e 58
Figure 4.4. Total energy with respect to Monkhorst-Pack grids under LDA
appProxXimation for LiPaO3.. ......ccooiiiiiiiiiicee e 59
Figure 4.5. Total energy vs. volume graph of LiPaOs crystal under GGA.. ................. 60
Figure 4.6. Total energy vs. volume graph of LiPaOg3 crystal under LDA................ 60
Figure 4.7. Total energy vs. pressure graph of LiPaOs crystal under GGA................... 61
Figure 4.8. Total energy vs. pressure graph of LiPaOs crystal under LDA.. ................. 62
Figure 4.9. Pressure vs. volume graph of LiPaOgz crystal under GGA............ccccevvreenne. 62
Figure 4.10. Pressure vs. volume graph of LiPaOs crystal under LDA.. .........c.ccccevvnee. 63
Figure 4.11. Total energy vs. lattice parameter graph of LiPaOgz crystal under GGA.. . 64
Figure 4.12. Total energy vs. lattice parameter graph of LiPaOs crystal under LDA.... 64
Figure 4.13. The unit cell of the LiPaOs crystal (Momma and Izumi, 2011)................. 65
Figure 4.14. Electronic band structure of LiPaOs under GGA. The red line is the fermi
ENEIQY TBVEL.....eeieee e 66
Figure 4.15. Electronic band structure of LiPaO3z under GGA. The red line is the
fermi energy leVel.. ..o 67
Figure 4.16. Electronic band structure of LiPaOs between -4 and 6 eV energy values
0] To (=] g T OSSR 68
Figure 4.17. Electronic band structure of LiPaOs between -4 and 6 eV energy values
0] Lo =T I USRS 69
Figure 4.18. Density of states graph of LiPaO3 crystal under GGA ..................o..e. 70
Figure 4.19. Density of states graph of LiPaOs crystal under LDA........................ 70

Xiv



Figure Page

Figure 4.20. The partial density of states (PDOS) graph of Li atom under (a) GGA
and (b) LDA approXimations.. ........cccceerererereneneseseeeeeesee e 71

Figure 4.21. The partial density of states (PDOS) graph of Pa atom under (a) GGA
and (b) LDA approXimations.. ........ccccceivereeiieieesiesieseese e see e eeessae e 72

Figure 4.22. The partial density of states (PDOS) graph of O(1) atom under (a) GGA
(b) LDA, O(2) atom under (c) GGA, (d) LDA, O(3) atom under (e€)GGA
and (f) LDA approXimations.. .........cccceiverieiieeseeniesiesee e eeesae e eeessae s 73

Figure 4.23. (a) The real and (b) the imaginal components of complex dielectric
function of LiPaO3z crystal under GGA.. ......ccooeiiiiiiiinceee e 74

Figure 4.24. (a) The real and (b) the imaginal components of complex dielectric
function of LiPaOs3 crystal under LDA.........cccociiiiieniiiiinieenene e 75

Figure 4.25. (a) Reflectivity, (b) Refractive index, (c) Extinction coefficient,
(d) Effective number of valence electrons per unit cell, () Energy loss
function for surface and (f) Energy loss function for volume of LiPaO3
Crystal UNAEr GGAL.. ... 76

Figure 4.26. (a) Reflectivity, (b) Refractive index, (c) Extinction coefficient,
(d) Effective number of valence electrons per unit cell, () Energy loss
function for surface and (f) Energy loss function for volume of LiPaOs
CrysStal UNAEr GGAL. ...t 77

XV
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Some symbols and abbreviations used in this study are presented below, along with
descriptions.

Symbols Description

Li Lithium

Pa Protactinium

@) Oxygen

Ecut Cut-off energy

Eg Energy Gap

EnF Hartree-Fock energy

Eo Ground state energy

Er Fermi energy

Cij Elastic stiffness constant

ABINIT Program using pseudo-potential method based on density
functional theory

DFT Density functional theory

DOS Density of states

LDA Local density approximation

GGA General gradient approximation

LiPaOs Lithium Protactinium Oxide
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1. INTRODUCTION

There are many theories related to physical science and engineering, during many
decades, this information that we know about the materials and the ways to describe, analyze
and controlling the properties of them is due to many years of research, keep looking into the
fields to get a perfect result and understandable reasons (Kohanoff, 2006).

We have taken a crucial decision to restrict the scope of DFT, the idea of this is the
energy is a system can show in an electron probability (Atkins and Friedman, 2005).

Because of the success of the DFT study, it quickly became a significant and effective
approach for many materials modeling in the fields of physics, chemistry, solid state, material
science and in many engineering areas. Understanding and regulating the physical
characteristics of material at the level of individual atoms and molecules is critical to
scientific and technological improvement in many domains of physical sciences and
engineering. Density functional theory is a remarkably effective way to discovering solutions
to the Schrodinger equation, which describes the quantum behavior of atoms and molecules
in real frameworks (Sholl and Steckel, 2009).

As we know from the periodic table, 90% are stable and as a reason of high efficiency
and high absorption coefficient, they can be used in a perovskite-based structure (Roque-
Malherbe, 2010), perovskite materials are those materials which are easy to use and give an
excellent result properties (Zhou and Wang, 2020) and it can be used in many application
areas such as material science, chemistry and advanced physics (Tejuca and Fierro, 1993).

In this work, we have used a perovskite-based oxide which is lithium protactinium
oxide, LiPaOs, to understanding some properties like structure, electronic, elastic and optical
properties based DFT method using Generalized Gradient Approximation (GGA) and
Localized Density Approximations (LDA) within the help of ABINIT software program. We
also sketched the unit cell structure by using the programme VESTA. Additionally, by using
this programme, we calculated the bonds and bond lengths of LiPaOs.

We have given all our results on LiPaO3 with tables, graphs and detailed discussions.

We also compared all of the results obtained by LDA and GGA and we saw almost all of



them in a good agreement with each other. This is the first study in the literature on LiPaOs,
so, the results could not be compared with the literature. Since all the results are compatible
within this study, | believe that this study will be very useful for the future studies on the

LiPaOg crystal.



2. LITERATURE REVIEW

To predict the physical properties of the materials, researchers use density functional
theory as a way to achieving and understanding well-known the behavior and structure of the
materials, this approach is an excellent way to guess the characteristics of materials without
doing any experimental work.

Rahaman et al. (2019) have worked on a new compound material which is LiCuBiQOg,
they have investigated mechanical, electronic, optical and thermodynamic properties by DFT
calculations using GGA method. The structural parameters with compare to experimental
results are in good geometry. Elastic properties show the mechanical stability of that
compound and about the optical properties the LCBO is selected as an optoelectronic device
especially in the visible and ultraviolet region.

Wang et al. (2019) have worked on LiBeFs to calculate thermodynamic and optical
properties by DFT, as it is clear in their work, above 260 K, the LiBeF3 has a good structural
stabilization and the calculated electronic properties has an indirect band gap that can be used
in optical lithography steppers in semiconductor industry.

Benmhidi et al. (2016) reported the electronic structure, elastic and transport
properties for LiBeFs cubic compound Fluoroperovskite structure investigated for the first
time which is based on DFT study within LDA. The electronic structure of that compound
has indirect band gap which has a good arrangement with the theoretical principles.

Javid et al. (2018) investigated structural, electronic and optical properties for LiNbO3
(lithium niobate) with direct band gap DFT study using LDA and GGA. As a result, the
calculated parameters were very close to the experimental results which have a widely use in
the optoelectronics and the optical properties of LiNbO3 that is very important material for
holographic memories.

Cabuk. (2010) has investigated electronic and optical properties for two kind of
perovskite materials which are LiNbO3z and LiTaOs ferroelectrics with DFT study using
LDA. They had indirect band gap structure, LiNbO3 is 3.39 eV and LiTaO3 is 3.84 eV which

is 15% and 14% is lower than the experimental values that the experimental values are 4.0



eV and 3.93 eV, respectively, at standard temperature. The symmetry of both structure is the
same and the chemical bond of them is covalent bond.

Su et al. (2021) examined two different perovskite structures which are LiNbO3z and
LiSbOs under high pressure with DFT theory, as a result, the mechanical and ferroelectric
properties have improved under high pressure, it means that at high pressure the ferroelectric
stability is promoted for both of those perovskite materials. The elastic coefficient for both
of them becomes larger by increasing pressure and finally it is noticed that Ln-LiSbOs is a
high efficiency ferroelectric photocatalytic material that absorbs ultraviolet light.

Zhou and Zhao. (2016) focused to understand the relation between microstructure and
composition of four perovskite materials (LiBiOs, NaBiO3z, KBiOs and AgBiOs). Their
structural, electronic and optical properties were investigated. In their present work, they
showed that the compounds have the same structural compositions. The structure and optical
properties are close with the experimental data. The micro-structural properties lead to
stronger interaction between bismuth and oxygen and these properties are important benefit
to photocatalyst applications for energy carriers.

Jia et al. (2018) used DFT to calculate electronic structure and optical properties of
LiBiOs with different amount of doped V, Nb and Ta. As it is shown, the covalent interaction
is stronger with the doped material than the original one, thus it is caused a good
photocatalytic performance. It means that the photocatalytic property of LiBiOs is effectively
improved with a moderate on concentration doping.

Van Troeye et al. (2014) tested hexagonal LilOs lithium iodate-based density
functional theory using GGA and LDA to calculate structural, electronic and optical
properties. According to this, and to comparison with the experimental value it is
underestimate and it is going from reasonable to excellent prediction, which is depends on
the property of the compound, the lattice parameters and microscopic dielectric constants are
fair enough to compare with the experimental data within 2%, and also the electronic
structure is predicted.

Erum and Igbal (2017) tried to understand some physical phenomenon for KPaOs and
RbPaOs like structural, electronic, elastic and optical properties based on DFT using LDA

and GGA. From this work, they focused to calculate some quantities such as lattice constants,



ground state energy and according to them we can say that protactinium-based oxide is
mechanically stable and the electronic state has direct band gap, so it is a semiconductor
compound.

Lal and Kapila (2017) used DFT theory within LDA and GGA for BaPaOs and
BaUOs to calculate structural, optical, electronic and mechanical properties. They changed
the second cation to see the different distribution of electron density and chemical bonding
of those perovskite compounds. In conclusion, according to the electronic state, both of them
have a narrow direct band gap, these are semiconductors and they supposed that those
perovskite compounds have an important character in reduction to tiny size technology.

Khandy et al. (2018) worked on some physical properties based on DFT method for
BaPaOs under pressure. 0 to 30GPa used, Bulk modulus increased as a contrast the lattice
constant decreased and they suggest the elastic and mechanical properties ductile and elastic
behavior for this perovskite compound at 0 k and 0 GPa.

From the literatures, we have understood the DFT study is the effective way to
calculate the physical properties, especially for perovskite materials according to the elastic
parameters, they are more stable and according to the optical properties they are useful as an
optoelectronic device. In this work, | have used LiPaOz to investigate structural, electronic,
elastic and optical properties based on DFT using GGA and LDA approximations because
lithium ions have widely study in solid state potential applications such as electronic devices
like cell phone batteries, computers and cameras and protactinium already used with different
cation to see the optical and other physical properties and it gives a good enough agreement.
| have searched many times to find the physical properties of LiPaOs, but | achieved only
band gap, density and crystal system which is available in the materials project which is an
open access database for materials properties (Jan et al., 2013) which are related to my work.
| found that Xiang Li and his coworkers (2019) (Li et al., 2019) calculated the formation
energies of a large number of perovskite materials within LiPaO3 with the transfer learning
model. Balachandran and his team (2018) (Balachandran et al., 2018) applied machine
learning methods to many of perovskites to construct new perovskite materials and possible

new cubic perovskites within LiPaOs.



In this work, 1 am trying to find out the structural, electronic, elastic and optic
properties of LiPaO3z perovskite compound by the DFT theory using ABINIT software
program. | also focused on the unit cell structure, bonds and bond lengths by using the
VESTA computer programme.



3. THEORETICAL BACKGROUND

3.1. Classification of Solids

It is necessary to list all the equilibrium locations of the atoms for determining the
structures of solids (Kazmerski, 1980). Crystallography is the study of the long-range
organization of crystals and the arrangements of their constituent atoms. Many of a material's
chemical and physical characteristics are determined by its crystal structure (Tilley, 2006).
Since the physical characteristics of elements are classified based on their electronic
structures, the electronic structure of the atoms is very important (Myers, 2009). The
macroscopic features of matter may now be explained using quantum physics and the
electrostatic interactions between electrons and ionic nuclei (Kasap, 2006). All atom's
neighbors in all solid-state materials are organized in the same manner as they would be in a
molecular structure. This property is referred to as short-range and long-range order
(Enderlein and Horing, 1997).

The most essential property of the crystalline form of matter is the periodic ordering
of its properties. While certain solid-state materials are amorphous, their internal structure is
not regularly organized. The aggregate state of matter of all substances may be divided into
solid states, liquids, and gases (Hoffmann, 2020). Many substances exist in a non-crystalline
state owing to their production process, which does not show crystallinity in all solids (Kasap,
2006).

In addition to the two types of crystals, atoms in crystals are arranged into finite,
regular patterns in space (Myers, 2009) such as single crystal and poly crystal. To distinguish
between single and poly crystals, which both have long-range order and are separated by
boundaries, we may look at the grain border, which is where the crystal orientation changes
when it crosses the grain boundary (Tilley, 2006; Solyom, 2007; Hoffmann, 2020). It is
assumed that the periodicity continues to infinity, which implies that the regular array of

atoms is not disturbed by the existence of actual surfaces (Kasap, 2006).



Since perfect crystals are characterized by their precise structure but an amorphous
solid cannot be specified with the same level of accuracy (Kazmerski, 1980). This kind of
material is not crystallized because it lacks a crystal structure (long-range order) (Kasap,
2006) (Figure 3.1).

Monocrystalline Polycrystalline

Figure 3.1. Atomic structure of each type of Monocrystalline (single crystalline),
Polycrystalline and Amorphous solid according to the theory periodicity
(Alajlani et al., 2018).

3.2. Crystal Structures

A lattice and a basis may be used to describe any crystal. Without the presence of
atoms, a lattice is an endless periodic arrangement of geometric points. At each lattice point,
we get the crystal structure if we insert an identical collection of atoms or molecules termed

a basis. The crystal is therefore a lattice plus a basis (Kasap, 2006).
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Figure 3.2. Two-dimensional crystal lattice which contains space lattice and basis (Mello and
Cavalcanti, 2020).



In order to describe a crystal's structure, one must know the least amount of
information necessary to identify a unit cell, which is the smallest volume of material that
may be used to build a crystal (Kasap, 2006). The length of the cubic unit cell is known as
the lattice parameter of the crystal structure (Kasap, 2006). The axial vectors a, b, and c are

commonly assumed to be parallel to the unit cell's edges (Tilley, 2006).

3.3. Types of Crystal Structures and Bravais Lattices

For a given crystal structure, there can be a variety of unit cells (Tilley, 2006), and a
crystal system defines the geometry of crystals and crystal structures (Kasap, 2006). 1D,
2D, and 3D crystal structures are all subsets of one another.

3.3.1. One dimensional crystal structures

One-dimensional crystal structures are made by periodic distributions of atoms or
groups of atoms in one direction along a straight line, and the same structure is obtained by
translating an infinite structure by the vector. The atomic arrangement in the crystal structure
is the same from any point in the lattice; all lattice points have the same places in the crystal

structure (Szwacki and Szwacka, 2010).

P=ua (3.1)

Here, P is the lattice point, a is the basis vector and u is the positive and negative
integer number.

A force operating on an atom wants to return it to its equilibrium position. Various
atoms move concurrently because of the interaction between them, therefore we must take
into account the mobility of all of the lattices. For simplicity, we assume that the force
between atoms in the lattice is proportional to the relative displacements from equilibrium
position. This is known as the harmonic approximation, which holds well provided that the
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displacements are small, one might think of the atoms in the lattice as interconnected by

elastic springs (Tsybal, 2021).

3.3.2. Two-dimensional crystal

In two dimensions, we may access to a greater variety of atom configurations than we

have in one dimension. Two-dimensionally, a unit cell is a reference surface (Cleland, 2003).

P=ua+vb (3.2)

Here P is the lattice point, a and b are the basis vectors, u and v are the positive and
negative integer numbers.

There have only been two orientations in which the surface structure is periodic (Oura
et al., 2003). There are five primary varieties of planar crystal structures, together referred to
as two-dimensional Bravais lattice (Oura et al., 2003).

A Bravais lattice is the name given to each group or symmetry class. The simple
square Bravais lattice is the simplest two-dimensional Bravais lattice, whereas the
rectangular Bravais lattice is identical to the simple square but contains two distinct lattice
spacings (Cleland, 2003). The number of Bravais lattices in two dimensions are five as given
in Table 3.1 and Figure 3.3 (Cleland, 2003).

Table 3.1. The 2D Five crystal system and their Bravais lattices (Oura et al., 2003; Galsin,

2019)
Crystal system Crystal lengths Crystal angles
Oblique lattice a#b v #90°
Rectangular lattice azb vy =90°
Centered rectangular lattice a#b vy =90°
Square lattice a=b vy =90°

Hexagonal lattice a=b y=120°
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Figure 3.3. Five types of planar 2D lattices (Oura et al., 2003; Grundmann, 2016).

3.3.3. Three-dimensional crystal

There are a variety of three-dimensional Bravais lattice types that might result from
a given Bravais group and the connection between the Bravais cell's lattice parameters. There
are certain three-dimensional Bravais lattices in which the primitive cell does not display the
symmetry of the underlying lattice, but a big Bravais cell may be selected that demonstrates
the point group symmetry of the lattice. This is similar to the two-dimensional example.

There are three vectors in the Bravais cell such as a, b and ¢ (Solyom, 2007).

P=ua+vb+wc (3.3)

where P is the lattice point, a, b and c are the basis vectors, u, v and w are the positive and
negative integer numbers.

Crystallographers have enlarged the categorization to include seven crystal systems,
which are called based on the connection between the axes and the inter-axial angles (Tilley,
2006). Each spot in three-dimensional space may be arranged in any one of fourteen possible
forms, all of which are similar in their surrounds. The Bravais lattices are a set of fourteen

arrays (Myers, 2009).
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When the lattice invariance under the point symmetry group is applied to a three-
dimensional crystal, it gives 14 Bravais lattices (translational groups) and 32 crystallographic
point groups. In addition, it has been determined that there are 230 different spaces groups
that may be used. Figure 3.4 shows the seven translational groups and 14 Bravais lattices that

are compatible with each other (Galsin, 2019).

Table 3.2. The seven crystal systems and their Bravais lattices (Ott-Borchardt, 1995;
Hammond, 2015)

Crystal Crystal Crystal angles Number of Bravais lattices Characteristic
system lengths Bravais symmetry
lattices
Cubic a=b=c a=p=y=90° 3 Primitive 4-fold
Body centered
Face centered
Orthorhombi a#b+#c a=pB=y=90° 4 Primitive 2-fold
c Body centered

Face centered
Base Centered

Trigonal a=b=c a=p=90°,y= 1 Primitive 1-fold
120°
Tetragonal a=b#c a=p=y=90° 2 Primitive 4-fold
Body centered
Triclinic azb#c afP£y£90° 1 Primitive 3-fold
Monoclinic azb#c a=7y=90°#£p> 1 Primitive 2-fold
90° Base centered
Hexagonal a=b#c a=p=90°y= 1 Primitive 6-fold

120°
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Figure 3.4. 14 Bravais lattices classified according to their lattice system (Solyom, 2007;
Reventos et al., 2012; Hammond, 2015).

3.4. Diffraction in Crystals

It's possible to learn about the crystal structure of materials by using X-rays of the
order of lattice constant wavelengths and shorter ones (Hommond, 2015). When a crystal is
hit by radiation, it is dispersed in a number of ways. It is called diffraction when the scattering
occurs when the wavelength of the radiation is close to the atom spacing in the crystal, and
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it produces a pattern of distinct beams organized in a certain geometry. There is a correlation
between diffracted beam locations and intensities and other characteristics, such as the atomic
number of an object, when X-ray diffraction occurs. It is possible to derive the arrangement
of atoms and their chemical type by recording the locations and intensities of the diffracted
beams (Tilley, 2006).

Most crystal structures are determined by the use of an X-ray diffractometer, with the
addition of neutron and electron diffractometers, which provide more information than an X-
ray diffractometer. Three distinct portions make up the subject matter. Diffracted beam
locations may first be used to estimate the material's unit cell size. The intensity of the
diffracted beams must be calculated and correlated with the crystal structure in a second step.
Lastly, the crystal structure must be reconstructed utilizing the information in the diffraction
pattern (Tilley, 2006).

The crystal structure may be studied in great detail by diffraction. If one is hoping to
see the crystal's reflections, one must have an oscillating wave of the right frequency, which
is on the order of a few Angstroms. By comparison, the interatomic spacing in crystalline
materials is just a few thousand angstroms, hence visible light cannot be utilized to determine
the structure of crystals (Galsin, 2019).

The periodic arrangement of atoms in a crystalline solid might meet the diffraction
requirement for X-rays, according to Max VVon Laue. W. Friedrich and P. Knipping produced
the most significant discovery in solid state physics in 1912, according to his
recommendation. They demonstrated that X-rays interfere with each other as they go through
a crystal. This was the first evidence that X-rays were waves and that a crystal had a space
lattice. Thus, the atomic theory of crystals and the wave theory of X-rays were born. Laue
scattering, developed by Max Von Laue, marked the beginning of scattering investigations
from crystals. When William Henry Bragg and his son William Lawrence Bragg researched
the structure of rock salt crystals in 1913, it was the first time this had ever been done (Galsin,
2019). A diffraction pattern is formed on a screen due to the periodic lattice scattering rays.
The rules of Bragg and Von Laue, which govern constructive interference pattern, are
discussed (Aharony and Entin-Wohlman, 2019).
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3.5. Bragg’s Law of X-ray Diffraction

Each set of parallel planes of atoms in the crystal functions as a three-dimensional
grating rather than a plane grating utilized in optics in crystalline solids. What makes Bragg's
work so appealing is that it provides an easy-to-follow formula for X-ray diffracting from
certain parallel planes of crystal. Parallel X-ray beams fall on the crystal and are reflected off
the parallel planes of the rectangular lattice illustrated in Figure 3.5. An angle of incidence
where all of the beam'’s X-rays are parallel and constructively interact with each other results
in a brilliant spot on the photosensitive plate. As stated in Bragg's law, the path difference
between two intersecting parallel planes of a given set may be constructively interfered with

if the path difference is an integer multiple of lambda. This is
2d Sin = nA (3.4)

where n is an integer, d is the distance between neighboring planes, and 8 is an angle
established by an incident X-ray beam with one of the crystal's planes Figure 3.5. It is
significant to mention that d may or may not be equal to the crystal lattice value (Kittle, 2005;
Galsin, 2019).

Incident Scattered
beam beam

Ny Sl

Atomic planes

Figure 3.5. Diffraction patterns of X-rays from crystal planes in accordance with Bragg's
law (Tilley, 2006; Nasir, 2018).
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Radiation of a certain kind may travel through the crystal without diffraction, but at
a certain Bragg angle for a certain combination of planes (hkl), some energy will be diverted
into another beam, which can be used for further study. It's difficult to get a comprehensive
picture of what occurs when radiation hits a genuine crystal since there are so many planes
that might diffract the radiation simultaneously. This may be done using a simple graphical
structure initially proposed by Ewald.

Finally at the point of view, there are many advantages of going diffraction, because
we are able to relate what we see in the micrographs to the crystallography. Using the
diffraction pattern, we can answer many questions for example, whether the specimen is
crystalline or amorphous. From the diffraction pattern we can also tell the orientation of the
crystal, and obtain the specimens crystal graphic characteristics such as lattice parameter and
symmetry. And also, by looking at the shape of the diffraction pattern we can find the fold
of symmetry whether it is rectangular or cubic. Electron beam interacts with the material to

give rise to diffraction patterns, so we can view that by looking at the wave vectors.

3.6. Reciprocal Lattice

When doing structural studies using diffraction methods, the reciprocal lattice notion
is quite helpful (Oura et al., 2003) which is a fundamental principle. X-ray and electron
diffraction patterns and electron behavior in crystals may both be simplified geometrically
using reciprocal space, which is equal to (k-space) (Hammond, 2015). This section introduces
the notion of the reciprocal lattice, which has the same point-group symmetry as the crystal
lattice (direct lattice) and plays an essential role in the understanding of the physical
characteristics of crystalline materials. In an ideal infinite crystalline material, the
electrostatic potential generated by all charges is periodic with the periodicity of the crystal
lattice. This will serve as the basis for the introduction of reciprocal lattice (Szwacki and
Szwacka, 2010).

An X-ray or neutron diffraction pattern occurs in a reciprocal space, which has
dimensions that are equal to the length of the diffraction pattern. As a result, one must first

establish a reciprocal lattice in order to comprehend the X-ray diffraction pattern and then
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link it to the crystal (direct) space. The reciprocal lattice was first postulated by Ewald in
1921 and investigated by Bernal in 1927. Think of a reciprocal space Bravais lattice that has
three basic translation vectors, each with a value of by, b2 and bs. It is possible to create a
reciprocal by making the direct space's basic vectors orthogonal to those of the reciprocal
(Galsin, 2019).

The reciprocal space and reciprocal lattice concepts are relevant here since electron
motion in a crystal is often represented in both real and momentum space (or k-space). Like
any periodic time-varying function, the spatial features of a periodic crystal may be
characterized by the sum of its Fourier components in the frequency domain or its reciprocal
space. Perfect crystals have an infinite periodic three-dimensional array of points with
spacings that are in inversely proportional to the distance between lattice planes of the
Bravais lattice. These features are intimately linked to their geometric structure by the
reciprocal lattice geometric architecture, which is based on reciprocal geometry. The
reciprocal lattice idea may be used to understand several essential physical, electrical, and
optical aspects of semiconductors and metals (Li, 1993).

There are certain X-ray diffraction occurrences that cannot be explained by the
Bragg's rule, but the law can explain the vast majority of them. The non-Bragg angle diffuse
scattering is an example of this. A more broad theory of diffraction employing the vector
representation is needed for this purpose. The reciprocal lattice idea is very useful for dealing
with all of the diffraction phenomena. Diffraction phenomena by crystals may be studied
using the reciprocal-lattice model of diffraction, which is universally applicable. The crystal
or rea-space lattice, as opposed to the reciprocal lattice, is the standard collection of three-

dimensional atomic coordinates (Waseda et al., 2011).

a, Xa
b, = 2m—2—23— (3.5)
a,.a, X as
a; Xa
b, = op—s "7 (3.6)
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aq X a; (3.7)
a,.a; X as

where b1, by, bs are vectors in reciprocal space. Because they occupy the same amount of
space, reciprocal lattices may be thought of as just another kind of lattice. There are three
basic vectors that define it. In the direct lattice unit cell, these vectors point in a direction
perpendicular to the end faces. In other words, direct axes and reciprocal axes are
perpendicular if they are labeled differently. Triclinic, monoclinic, orthorhombic, or any
other form of direct lattice gives a reciprocal cell of the same type (triclinic, monoclinic,
orthorhombic, etc.). The cubic face centered direct lattice's reciprocal lattice is a cubic base
centered, while the cubic base centered lattice's reciprocal lattice is a cubic face centered
(Tilley, 2006).

3.7. Brillouin Zone

The first Brillouin zone refers to the core cell of the reciprocal lattice, which is
particularly significant in solids theory. Brillouin zones are defined as the smallest volumes
that are encompassed by the perpendicular bisectors of the reciprocal lattice traced from the

origin, (Kittle, 2005). In the 2D, the perpendicular bisectors are lines but in the 3D is plane.

Figure 3.6. Brillouin zone for the different type of two-dimensional reciprocal lattice (a)
rectangular lattice (b) hexagonal lattice (Grenier and Ballou, 2012).

There is a Wigner Seitz cell regarding those reciprocal Brillouin points Figure 3.6

that is the innermost area you will discover if you do that. To go to the first Brillouin zone
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from the origin of reciprocal space, you don't need to traverse any Bragg planes. To produce
the second Brillouin zone, repeat this procedure for the vectors that connect the origin with
its next closest neighbors (Aharonu and Entin-Wohlman, 2019). The 3" Brillouin zone is the
region in the reciprocal space that you can access by making sure that you cross two Bragg
planes but don’t cross 3" Bragg plane in the given direction. Finally nth Brillouin zone cross

(n-1) Bragg planes.

@ (b) ©

[0} (© @

Figure 3.7. Brillouin zones of the square lattice in two dimensions are seen here (Doitpoms,
2021).

The Brillouin zone which come from the periodic structure of the material and the
wave information which come from the electrons that are valuable in the material and all of
this information have to be put together then we will get the information about the bands and
band gaps. When studying crystal electronic energy band structures, the Brillouin zone notion
is critical (Oura et al., 2003). There hasn't been much mention of the Brillouin zone in X-ray
diffraction terminology until recently, yet the zones are critical to understanding crystal
electronic energy band structures citation (Kittle, 2005).

The important of Brillouin zone is that we complete characteristic of the Bloch
function which can be defined in the first Brillouin zone itself because of that Brillouin zone
is easier to understand the diffraction patterns, as well as crystallographic characteristics, the

most often employed in solid state science, if we constructed the reciprocal lattice. the
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Brillouin zone started by saying that it is simple the Winger Seitz cell about the reciprocal
lattice point, then we said look Wigner Seitz cell the boundaries of the Wigner Seitz cell are
the Bragg planes. The reciprocal lattice vectors' perpendicular to bisector planes. Wave
vector has the direction of propagation of the wave and its value is 2zt/A which is of theory of
wave propagation in crystalline systems. If the wave vector terminates on the boundaries of
the Brillouin zone, then they will be satisfying the Bragg’s law and we will get the condition
of diffraction pattern (Oura et al., 2003; Kittle, 2005; Aharony and Entin-Wohlman, 2019).

3.8. Miller Indices

Miller indices is useful to distinguish between different directions in crystals, to
identify them using some indices and to identify the crystallographic planes using indices
(hkl) (Tilley, 2006). So miller indices is a standard method which is been used for this
purpose (Grundmann 2016; Hoffmann, 2020). The Miller indices were developed by British
mineralogist and crystallographer William Hollowes Miller in 1839 as a three-number system
to represent the crystal orientation of a planar set of parallel planes of atoms (Hoffmann,
2020). It is possible that the crystal lattices might be specified using Miller indices, which
are used to identify the crystal faces in a systematic way as well as to denominate lattice
planes. In the context of a collection of planes, we are referring to the distance between the
two parallel plane is (d) and the plane has (hkl) as a result we identify the distance (d) has
(dn1). In the Braggs law state (nA=2dnk sin6) d is the distance in Angstron (A°) unit and the
indices (hkl) indicated the plane designation of planes. There will be an exact match between
the number of indices and crystal dimensions. In 1D there will be 1 index, in 2D there is 2
indices and in 3D there will be 3 indices and etc.

Miller indices is used for two different purposes;

1. All the lattice points of the same lattice are in different direction from the origin, in this
case miller indices are used to indicate the direction of a lattice point from the origin or from
the reference point.

2. A lattice consists of several planes all these planes occur in a different orientation, in this
case miller indices are used to specify the orientation of lattice or crystal plane.



21

Different brackets used for a different purpose; for a direction of lattice point it is denoted in
a square bracket [hkl] particular direction, <hklI> it is denoted by the member of family and
{hkl}denoted by the family of plane. If we write the miller indies of the planes, we denoted
in the round bracket (hkl). (hkil) is miller Bravais indices.

For example
Family of direction Members in family
<110> [100], [010], [001], [100], [010], [001]
Family of plane Members in family
{100} (100), (010), (001), (100), (010), (001)

If any plane passing through the origin, we have to consider another plane parallel to
this, all the parallel planes have the same miller indices. Sometimes like in the case of miller
Bravais indicates for hexagonal lattices and crystals addition indices are used to high light
the symmetry of the structure. In the case of the miller Bravais indices for hexagonal (hkil)-
4 indices are used in 3D space. The use of such redundant indices brings out the equivalence
of the members of a family (Tilley, 2006).

For a crystallographic axis, al, a2, a3 and c are needed to define the hexagonal lattice,
this is the reason that to specify its plane not 3 but 4 indices are required, and these 4 indices
are called miller Bravais indices (hkil) (Oura et al., 2003).

The geometry relationship between h, k, and | is
i =-(h+k)
al related to h, a2 related to k, a3 related to | and c related to |.

Miller indices and miller Bravais indices can be converted to each other

Miller indices Miller Bravais indices i= -(h+k)

(110) (1120) or (11.0)
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(110) (1100) or (11.0)
(124) (1234) or (12.4)

How to find miller indices, (hkl)?
h is s number of intercept per unit length along x axis
k is s number of intercept per unit length along y axis

I is s number of intercept per unit length along z axis

We need to know the crystallographic point directions and planes. Point coordinate
is specified in terms of its coordinates as fractional multiple of unit cell length, they are not
separated by comma. To a crystallographic directions of miller indices, we need to instruct
some condition as follows (Hammond, 2015; Hoffmann, 2020).

1. Find the coordinates of two points that are in the same direction using the right-handed
coordinate system.

2. In order to get the number of the lattice parameters that moved in a certain direction,
subtract the coordinates of the heady point from the coordinates of the heady point.

3. Remove all fractions and reduce them to the smallest integers possible.

4. if a negative (-) sign produces, replace the negative (-) sign with a bar over the number.

And to find the crystallographic miller indices for plane, we have to instruct some
step as follows (Hammond, 2015; Hoffmann, 2020).
1. Lattice parameters may be used to determine where the plane intersects with the x, y, and
z coordinates on the plane. It is necessary to shift the origin of the unit cell if the planes are
intersecting at that point.
2. Take reciprocals of the intercepts
3. Clear fractions but do not reduce to lowest integer
4. When writing negative (-) numbers, write the number with a bar above it in parentheses
(hkl).
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Using the plane's 1, 2, 3, the reciprocals would be 1/1, 12, 1/3; the fewest three

numbers that share this ration are 6, 3, 2.

3.9. Band Structure in Crystals

In terms of crystal structure, there is a vast range of options. We prefer to categorize
materials into three broad groups based on the periodic table of elements. These elements
include metals, nonmetals, and a tiny number of elements that we designate as
semiconductors. An understanding of electrons in materials is critical to determining
conductivity, and band theory is a factor in determining conductivity, for example, some
metals are much more conductive than others and some nonmetals are excellent insulators
because they don't conduct electricity at all (Vainshtein et al., 2000).

Atoms in matter are made up of a nucleus and a number of electrons that circle the
nucleus in distinct shells. A compound is formed when atoms from different elements
combine to create a single molecule. A micro electron volt is the maximum amount of energy
that may be transferred to an electron in this kind of conduction.

When the two atoms are brought close together to form an interact system, the energy
of two electron system will no longer be same, when they are far a part of each other, isolated
from each other, the energy of these two electrons will be same, it means that their energy
levels have it is own things, but if the atoms start to get closer, their electron wave functions
start to overlap, they interact each other. The energy of these two electrons will no longer be
the same, because of Pauli’s exclusion principle which state that no two electrons in a given
interacting system may share the same quantum state and hence same energy (Razeghi, 2002;
Galsin, 2019).

3.9.1. Transition from atomic levels to bands
In a band, there are lots of energy levels that are all quite near to each other. It is

important to remember that the electrons of an isolated nucleus reside in a "atomic orbital,"”

which is defined as an energy level distinct from the rest of the nucleus. The atomic orbitals
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combine to form the molecular orbitals, which are distinct from the individual orbitals. As
more atoms are bought together, the molecular orbitals extended larger and the energy levels
of the molecular will become increasingly dense. Eventually the collection of atoms forms a
band structure combining the properties of individual atoms (Razeghi, 2002).

The wavefunctions define how electrons behave in a periodic system. The Bloch
theorem is one of the techniques we use to deal with solids mathematically. To prove Bloch's
theorem, it is necessary to know how the crystalline structure excites itself in terms of lattice
vibrations, electron states and spin waves. The Schrddinger equation for a crystalline solid
with a periodic potential may therefore be solved using (Singleton, 2001; Rogue-Malherbe,
2010).

V(r) = V(r+T) (3.8)

h? (3.9)
E¥Y(r) = — BT V2Y(r) + V(n)¥(r)

3.9.2. Energy band formation in solids

In physics we know that a matter can convert its state and this gives rise to various
different properties that we see around us. The state of a matter is completely covered by the
energy that keeps stabilization. Matter possesses a spectrum of energies that might have been
described by its electronic band structure.

The valence band and conduction band are the two basic kinds of energy bands in a
material. If you look at the valence and conduction band Figures 3.8, you'll see that in the
valence band, the valence electrons are all in one molecular orbital, and the valence band's
maximum energy level is at the top of the band. In contrast, the conduction band is a
delocalized band of energy levels in a crystal that is responsible for electrical conductivity.
In order for an electron to go from the valence band to the conduction band, it must have a
minimal quantity of energy. In absolute zero, the highest occupied molecular orbital at the

middle of the valence and conduction band is referred as the fermi level, and the particles in
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that state have their own quantum states and normally do not interact with one other (Razeghi,
2002; Kittle, 2005).
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Figure 3.8. Semiconductor band structure (Valence and Conduction bands, 2021).

Figure 3.9 (a) shows a conduction band that overlaps the valence band, thus any
electrons that exist in the valence band are automatically in the conduction band; in other
words, the outermost electrons are free to conduct. As in Figure 3.9 (a), all insulators have
valence and conduction bands. However, a significant prohibited gap prevents electrons in
the valence band from crossing across to the conductivity band. However, the forbidden gap
between the two is considerably smaller than that between an insulator and a semiconductor
Figure 3.9 (b,c) because an electron must pass from the valence band into the conduction

band to get energy.
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Figure 3.9. Schematic Conduction band (CB) and Valence band (VB) for (a) Metals (b)
Insulators (c) Semiconductors (Rioult, 2015).

3.10. Optical Properties

When a light fall onto a material, (like a semiconductor material) reflection,
refraction, absorption and transmission phenomenon are take place, which is because of the
interaction of the light with the electrons in the atoms. Some factors are affecting the
phenomenon such as the band gap of the material, the arrangement and also the intensity of
the light. The response of the materials with the electromagnetic waves, the electronic
excitation of the spectrum is determined by the dielectric function which is depend of the
frequency of light. The complex dielectric function of a material consists of two parts, which

are real and imaginary parts.

E(w) =& (w) + i&y(w) (3.10)
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€1 (w) is the real part of the dielectric function, €,(w) is the imaginary part of the dielectric

function.

Kramer-Kronig relation tells us that dispersive and absorptive properties of the
dielectrics are not independent, it means if we know the imaginary part of the dielectrics, we

can calculate the dispersive spectrum of the real part.

2 [ & 3.11

Sl(w)=1+—Pf ,22—()2dd) (3.11)
T J, o*— w

20 [C€(d) -1 3.12

ez(w)z——Pf —}§> ~ dé (3.12)
T o W—w

With the complex dielectric function, we can get many properties of the materials like
reflection, absorption, refractive index (Lucarini et al., 2005; Stenzel, 2016; Azam et al.,
2019).

3.10.1. Optical constants

Refractive index (n): Whenever a beam of light passes through a medium and into another
medium, its direction is reversed. This occurs as a result of the fact that the speed of light
differs across various mediums. Since the densities of the substances varies, the quantity of
refraction that occurs is affected. For example, when light travels through a thick material
such as glass, it slows down because the angle of refraction is lower than the angle of
incidence, and the light bends towards the normal. When light passes through a less dense
medium, the speed of the light increases and the rays bend away from the regular path.

Index of refraction measures how much light bends as it passes from one material to another.
By using the dielectric function of real and imaginary components, we can calculate the

refractive index as follows.
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Y, (3.13)

\/Elz(w) + £,%(w) £, ()

n(w) = > + 5

Extinction coefficient (damping coefficient or absorption coefficient) (k): This kind of
coefficient is related to the absorption of electromagnetic radiation into the crystal structure,
it means that this coefficient determines how much quantity of light decreases when it pass
into a media, by using the real and imaginary components of the dielectric function, we can

calculate the damping coefficient.

/2 (3.14)

| [e2@)+ &2@) g0
k(“)):l 2 T2

Reflection coefficient (R): This coefficient shows the rate of the returning electromagnetic
wave which is coming form the crystal to the media. By the refractive index and damping

coefficient, we can calculate the reflection of coefficient by the relation of:

A-n)?+ K (3.15)

R@)=Trer i

And also, by using the complex dielectric function, we can again calculate the reflection

coefficient as follows.

(3.16)

1- Je@ |
1+ J€(w)

R(w) =

Energy loss function (L): This function refers the value of energy that loses by fast moving

the electrons between energy bands as they pass through the surface and the volume of the
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matter, which we can calculate it by the real and imaginary dielectric function (Khan et al.,
2015; Azam et al., 2019).

L(w) = Im (— ﬁ) (3.17)

The energy lose function is denoted by Ls (®) for the surface and Lv(w) for the volume.

€, (3.18)

Li(w) =
s(@) g2+ €%+ 28, +1
£, (3.19)
Ly(w) = —2—
v(©) £,%+ &,°

Effective number of valence electrons (Neff): This gives the information about the effective
number of valence electrons per unit cell. We can use effective number of valence electrons

to get the information about the absorption process in the crystal structure.

£ (3.20)
f €,(E)EdE

0

meg,

Neyr(E) = nh2e2Na

here, €, , m, e and Na are permeability of space, mass of electron, charge of electron, density

of the atom, respectively.

Effective optical dielectric constant (Eeff): It is the second rule of the dielectric constant to
determine the contribution of transitions between bands in the range between 0 to €o to give

the information about the absorption process (Lucarini et al., 2005).

, & (3.21)

0

In this thesis study we studied effective number of valence electrons instead of effective
optical dielectric constant.
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3.11. Elastic Properties

Elastic characteristics are necessary in determining the hardness and mechanical
stability of a material, as well as the bond strengths between the atoms that make up the
structure. Except in cases when the elastic limit is exceeded, the compression or stretching
of a solid is proportional to the force applied to its surface. If an object can not regain its
original shape after being deformed by a force is referred to as elastic deformation, which
means the change in shape or size of the body. The force that deforms an object is referred
to as the deforming force. The ability of an object to regain its original shape after being
deforming by a force is referred to as the elasticity of an object. When you apply a
deformation force to a material, inside the material there is a force called Restoring force
which is simply a force that tends to restore a deformed body to its original form.

The force which is applied to a sample tried to compress or stretch the sample is
represented as the stress. Strain means the change in dimensions per unit of the original
dimensions under amount of force (stress). In an elastic deformation, the stress is experienced
by a body is directly proportional to the strain.

Every material has specific elastic limit, that depends on the deforming force applied
on the object and the properties of the material. When a sample is more compressed or
stretched further than a certain point which is the elastic limit, the sample will get
permanently deformed and if we keep increasing the force which is applied to the sample, it
will break the bonds in atoms of the sample. This type of deformation force is called as plastic

deformation.

stress (3.22)
strain

Elasticity =

(3.23)

™1 Q
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Stress and strain have two basic categories, which are normal (perpendicular) and
shear. Each of them has two sub categories which are Tensile and compressive (Martin, 2004;
Beer and Maina, 2008; Wang, 2012; Slola-Valim, 2015).

3.11.1. Elastic constants

Stress and strain are key terms that characterize condensation states. Some of the
group of constants that we called elastic modules play an important role in the characteristic
of the material. The elastic constants are given in the following.

Elastic stiffness constants (C;jx;) is the ratio between stress and the strain (o;; =
Cijri€r) and the elastic compliance constants are (S;;,;)are the ratio between the strain and
the stress (g;; = S;jki0x:). Both of them are rank four tensors but using a matrix notation they
can be written with two indices (C;; and S;;). These elastic stiffness and elastic compliance

constants are important to calculated the following elastic properties.

Bulk modulus: Bulk modulus shows the reaction of a body to stress that changes the volume,
without changing in shape. That is

AP (3.24)

B= -V —
AV

B is the Bulk moduli, V is the Volume and 2—5 change in pressure with respect to volume.

Bulk modules are calculated with VVoight, Reuss and Hill approaches. The Voight approach
can be calculated as
9Bv = (C11+C2 +Cs3) + 2(C12+C23 +Ca1) (3.25)

The Bulk modulus with Reuss approach;

1/Br = (S11 +S22 +S33) + 2(S12 +S23 +S31) (3.26)

The Hill approach is the average value of VVoight and Reuss approaches,
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Br= (Bv + Br)/2 (3.27)

Young modulus: It is the ratio of the longitudinal stress divided by the longitudinal strain,

longitudinal refers to change in length

F /4 Pl (3.28)

E = =
AL/L A. AL

here E is young’s module, F is the force applied to a sample, L is the original length, A is the
cross-sectional area and AL is the change in length. In the other hand we can write the

young’s module by using Bulk and shear modulus, which is

o 9BG (3.29)
" 3B+G

G is the shear Module.

Shear modulus: It is also called modulus of rigidity, it is the ratio of the shearing stress to the
shearing strain, when a force experiencing parallel to the sample, the sample changing the

shape without changing in volume. Shear modulus usually measured by GPa.

_ F/ _ F.h (3.30)
Ax/h A. Ax

G

G is the shear module, Ax is the transverse displacement, F/A shear stress and 2 x/h shear

strain.
Similar to Bulk modulus, also Shear modulus calculated with there approaches as

given in the following equations.
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15Gy = (C11 +C22 +C33) - (C12+C23 +Ca1) + 3(Cas +Cs5 +Cop) (3.31)
15/Gr =4(S11 +S22 +S33) - 4(S12 +S23 +S31) + 3(S44 +Ss5 +Ses) (3.32)
Gh= (Gv + GRr)/2 (3.33)

Poisson’s ratio: It is important to know that the Poisson's effect, which is a measure of how
thick or thin a sample becomes perpendicular to the compressive direction, occurs when the
sample is enlarged in one direction while the sample's other two opposite directions tend to
thin out. It is necessary to know the Poisson's ratio when doing an elastic study of a material.
The value of the Poisson’s ratio is around -1 to 0.5. The critical value of it is 0.26. Materials

with bigger (smaller) Poisson’s ratio than 0.26 gives that material is elastic (fragile).

(3K —26) (3.34)
Y= (6K + 206)

Zener Anisotropy Factor (A): gives an information about the isotropy property of a material.
A=2 C44/(C11-C12) (3.35)

Debye Temperature (6p): The Debye temperature is the temperature of a crystal's highest
normal mode of vibration.

_h <6n2n,0)1/3v (3:36)
- 2mkz\ M mn

Op

h is Planck constant, kB is Boltzman constant, n is the number of molecules in a unit cell, p

is density, M is molecular weight and Vm is the average velocity of the sound.
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3.12. Perovskite Definition

It is named after a Russian mineralogist, Lev Perovskite, given to a complete family
of minerals with the same fundamental crystal structure as CaTiO3. The oxide mineral
calcium titanate (CaTiO3) was found by Gustav Rose in the Ural Mountains of Russia in
1839. All those materials which have a crystal structure of ABX3 they are called perovskite
crystal structure. The perovskite structures have five atoms in the unit cell (Tejuca and Fierro,
1993; Roque-Malherbe, 2010).

A*? organic or inorganic cation is larger in size than B**is located at eight corners of
the cube. B** heavy metal cation is located at the center of the cube. X anions are located at
the six-face centered of the cube, it is usually oxygen or halogens like Chlorine (Cl), Bromine
(Br), or lodine (1). Examples of perovskite materials are BaNiO3, BaTiO3, SrTiO3, GdFeO3,
CaTiO3, FeTiO3, MgSiO3 (Tejuca and Fierro, 1993; Rogue-Malherbe, 2010).

Perovskites (X=0) have historically been the most investigated because of their
exceptional ferroelectric, magnetic, and superconductive characteristics. First halide-based
perovskite structure was discovered by Moller in 1958, and the first organic material
appeared in halide perovskite by Weber et al in 1978 (Zhou and Wang, 2020).

Figure 3.10. ABX3 perovskite structure (Luo and Daoud, 2015).

The variety of compounds at the properties proven that in the periodic table,
approximately 90% of the metal elements are stable and suitable in perovskite type oxide
structure (Roque-Malherbe, 2010). Generally, a large number of the perovskite structure are
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distorted and they depend a very important parameter, a tolerance factor. The perovskite
structure is stable if the tolerance factor (t) is in the range of 0.75 to 1 (Tejuca and Fierro,
1993; Roque-Malherbe, 2010).

(TA + 7"0) (337)
t =
V2 (15 +15)

ra, e, and ro is the radius of A, B and Oxygen or halide, respectively (Tejuca and Fierro,
1993).

3.12.1. Properties of perovskite mineral

Perovskite materials have been intensively used in many applications and important
areas of solid chemistry, physics, advanced materials due to various structures and
configurations. For the reason of the arrangement of perovskite can be easily tuned over a
wide range, these materials can be scientifically investigated to make a connection between
performance and structure (Tejuca and Fierro, 1993; Fu et al., 2019).

During the 10 vyears, it is efficiency has increased because of the properties like
tunable band gap, high absorption coefficient. These materials are suitable not only for solar
cell but also for light emitting diode, for fabrication photodiodes, photodetectors and for
different kind of lasers. The combination of novel perovskite materials has been a continuing
interest for material scientists focused on catalysis and solid-state chemistry or physics.
Furthermore, the mixture of perovskite with other materials is proving to be an effective
technique to improve desirable properties and grow new applications (Tejuca and Fierro,
1993), such as sensors, thermoelectric application, battery technology, Fuel cells and
especially solid oxide fuel cells, photovoltaics, optoelectronics (Sum and Mathews, 2019).

In addition, the properties of high efficiency, higher stability, high carrier mobility,
high absorption coefficient, long charge carrier diffusion length, highly crystalline structure,

high absorption coefficient, band gap tuning, low exciting binding energy and facile low
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temperature solution-based fabrication method are very useful properties for making any kind
of solar cells in perovskites which is a reason of using perovskites (Tejuca and Fierro, 1993,
Fu et al., 2019).

3.13. The Multi-Particle Problem

A molecule is the small part of a compound that shows all its properties. The
Hamiltonian is the total energy operator for a quantum system equation (3.38). We have
chosen the Hamiltonian operator because there exists some exact set of eigenfunctions of this
operator, which is the solutions to the time-independent, non-relativistic Schrodinger
equation and called wave function. Equation (3.39) combines the kinetic and the potential
energy terms in the Hamiltonian operator. All nuclei and electrons have kinetic energy. The
potential energy includes the coulombic attraction or repulsion of all pairs of charged
particles in the molecule (electrons and nuclei), these particles interact via coulomb’s law,
where the strength of their interactions is governed by the sign of their charges, their
magnitude and the inverse of their separation distance.

The purpose of molecular physics is to learn and recognize the structural and physical
properties of various molecules. Based on this, we try to derive an understanding of the
meanings, responses and properties of molecules in physical, chemical and biological
systems. Schrddinger's equation must be solved and the eigenvalues and the eigenvectors of
the molecule under investigation obtained in order to calculate the Molecular Hamiltonian
(Haken and Wolf, 2004; Sutcliffe and Woolley, 2012).

For the Schrodinger equation of the adiabatic molecule, we can not accurately solve
the Schrodinger equation for any system other than hydrogen atoms. The reason is that we
have N charged particles, typical atom is composed of a bunch of nuclei and electrons. It

means that we have a bunch of particles with N total charge particles, we would choose

N1 interaction pairs. This is a quadratic number of those and this is known in physics as

the many- body problem, it typically for solving any number of particles which is greater
than 2, (N>2) it means one electron and one nucleus. Finally in the many-body problem, we

can not solve it exactly for any molecular system which has more than two charged particles.
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It is the primary goal of the quantum model to explain time-independent
Schrodinger's equation in the study of atoms, molecules, and solids (Tinkham and Mckay,
1964). Here, we explain how to determine the electron wave function of a molecule (Haken
and Wolf, 2004). We use the Schrodinger equation to calculate the physical properties of
such complex systems. In order to determine the physical properties of a system in quantum

mechanics, it is necessary to solve the time-independent Schrodinger.
HY=E¥ (3.38)

The Hamiltonian which describes the energy of the electron in the electrostatic field

of the nuclei is given as;
H =T, +T, +V_ +V,  +V,, (3.39)

The kinetic energy operator for each electron is:

Tﬁe :_:'2:;2;;:6 Vi2=iNZ:;—%Vi2 (3.40)
The Kkinetic energy operator for each nucleus is:
r :_izzavi =§—%Vi (3.41)
The potential energy from Coulombic electron-electron repulsion is:
~ Ne, Ne g? 1& 1 (3.42)

r —rj‘ 2i<,-‘ri —rj‘

The potential energy between the electron and nuclei Coulombic attraction is:
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Ne Nn X 188 7, (3.43)
- ;;47&9 R—a - 22;'; E—R—a

The potential energy arising from Coulombic nuclei-nuclei repulsion is:

Sy zze 1% 22, 549
" 2a=1/3=a+147r80— ﬁ‘ 2a<ﬁ"R—a—R—/3‘
~ N, 52 Ny 2 1N N g2 (3.45)
H=-— Vi) —vi4gZ ——
iZ_;Zme ' ;2'\/'0, ‘ 2212;447[50 ri—l’j‘
1Mo No Z,Z.° e?
_l’__ —_— R — — NN
2;ﬂ§14ng ;;14%‘ -R,

For simplicity we can write the Hamiltonian equation as;

R N q N 1N 1 1M 7 7 18N, 7 (3.46)
H=-S=>2vy2_y_— 2,2y _ = _=\'_"a«¢7p = _“a
ZZ i Za:ZMa “+2§\E—E +2,%‘R—Q—R—ﬁ‘ ZZZQ: r-R,

In non-relativistic theories, hydrogen atom is one of the limited cases where
Schrodinger’s equation can be solved accurately. It is quite difficult or even impossible to
analyze the system for such a large number of electrons and to solve the Schrodinger equation
for each electron. However, for other atoms, we must use some approximations, in order to
be able to solve the equation. The first of these approaches is the Born-Oppenheimer (1927)
approach (Moss, 1973).
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3.13.1. Born-Oppenheimer (Adiabatic) approach

The first thing we notice is that the mass of the nucleus is much greater than the mass
of the electron. In the hydrogen atom nucleus weight is about 2000 times more than an
electron and most nuclei contains more than one particle. Because of that huge mass, a
nucleus moves very slowly comparatively to our electrons. So, the set of nuclei is going to
move slower comparative to the set of all electrons, because of that, we approximate that the
positions of all the nuclei are fixed related to electrons and we can say the kinetic energy of

the nucleus is zero TAn = 0. It means no motion, no kinetic energy (Kaxiras, 2003; Atkins and

Friedman, 2005).
When the Born-Oppenheimer approximation apply to the molecular Hamiltonian, the

first thing is the nuclear kinetic energy goes to zero. Additionally nuclear-nuclear repulsion

term and ‘R—a —R—ﬁ‘ IS going to be constant. The rest terms such as electron kinetic energy,

electron-nuclear attraction, electron-electron repulsion are still difficult, we will solve those
all later by the other approximations (Tinkham and Mckay, 1964; Haken and Wolf, 2004).

T o 1 1N” Ne 1 1Ne N, Z (347)
H=-_—vVv24+= _ vz 4 Lo
—2M, " ;‘R -R)| Z uzu:‘r -] ZZ‘; r-R,
%/—/
zero Const Difficult
H=V, +T, 4V, +4V,, (3.48)
Nn
- -2 i-constant (3.49)
a<ﬂ‘R -R ‘
—_ N, 1 1 N 1 1 N N, Z (350)
H =Sy 2y - - a
o =25V +2;\E—ﬁ\ 222 n-R,
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3.13.2. Hartree method and self-consistent field

This approximation describes the movement of one electron interacting with every
single atomic nucleus in the system. Interactions with other electrons are not included, which
it means that Vee=0. This is considered in the second term representing the coulomb electron-
electron interaction (Kohanoff, 2006). For solving time-independent Schrodinger equation
for multi-electron atoms or molecules, a new approximation called Hartree approximation,
in his first propose method was the Hartree method or Hartree product has emerged that is

useful for introduction into the self-consistency field.

Wrp (XX g0 Xy ) = 20(X0) 25 (X )y (X ) (3.51)
Yip (X1X5) = 2(X) 22 (X ) (3.52)
Yip (X2 X0) = (X)) 22 (X ) (3.53)
1) 2 (%1) ==X ) 2,(X,) (3.54)

iz 1 (3.55)

~ 1
Helectron :_ZEV? +EZ ZZ

i(j ‘r —r

1 1. : : : : .
EZ‘_—_‘ is the distance calculation depending of pairs of electrons and it is not exactly
iq|h - I’j

solvable by the many-body problem in physics and in order to solve it, we need to resort to

approximation methods.

(3.56)

PR | lawe Z
h@)=2 VIS =
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fi(i)=i—%vi2 +v, (R,T.) (3.57)
) 3.58

Veezgz_l_ =ZU(i,j) ( )
i<j‘fi—rj‘ i (]

I_Telectron — zh (I ) +ZU(i , J ) (359)

i(j

But the problem was that there were many physical parameters that there were didn't
understand and unclear behind the physical reason for this method and the electronic
component was incomplete. He was failed to satisfy antisymmetric principle. When it comes
to swapping out any set of space spin coordinates, fermions should be antisymmetric, i.e.,
according to the Pauli’s exclusion principle any two electron or any two fermions can not
occupy at the same quantum state with the same spin, this means that the sign of the
wavefunction changes when two electrons are exchanged (Saue, 2002; Kohanoff, 2006;
Sherrill, 2009).

3.13.3. Hartree-Fock method

In 1930, Fock independently pointed out that the Hartree product did not respect the
antisymmetric of the particles because of the Pauli’s principle. Later, Hartree-Fock
approximation solved the equation of time-independent Schrédinger equation by using a non-
linear method. Hartree-Fock theory acted an important character and offers an excellent
opening argument for calculations in many-body problems, for electrons, atoms, molecules,
and even solids for calculating eigenvalues and eigenfunctions (wave functions). There are a
number of electronic structure models that use the Hartree-Fock approximation. According

to molecular orbital theory, electron mobility may be described by a single particle function
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(orbital) independent of the immediate motion of any other electrons (Saue, 2002; Strinati,
2005; Sherrill, 2009).
Fock operation for one electron is

FO=h@+v ™ (3.60)

F (1) is Fock operation for one electron, h(1) Core Hamiltonian and V "7 (1) mean field

operator. The mean field operator is going to be the magic of how we deal with the fact of its

interactions with all other electrons having to be approximate

VT =V (x,) V5 () (3.61)
ViR (x,) = 23 (x,) (3.62)
Vi () = 2 kg (%) (3.63)
F(z (x,)=E % (x,) (3.64)

where ¥, is spin orbital, E, orbital energy.

E=>h+>J, -k, (3.65)

i(j

J;; is the electrostatic interaction between all pairs of electrons, k; exchange interaction

between all the same spin of electrons. For example, we have a lithium element. It has 3

electrons Figure 3.11 and electron configuration is 1s? 2st.
E=J,+2),-k, (3.66)
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Figure 3.11. Electron quantum configuration of lithium (L1i).
3.13.4. Slater determinant and change energy

Slater Determinant satisfy the anti-symmetry requirements of the Pauli’s principle.
This Determinant is a proper mechanism to apply the antisymmetric principle for an arbitrary
N-electron wave function. Slater Determinant is just a simple way of remembering a rule for
how to write down the correct combination of these Hartree product in a way that is properly
anti symmetrized and normalized and it save a lot of time to write down the wave function

expectation of spin electrons and orbitals.

6@ 6@ . W) (3.67)
V2 W) = 0D 6D - a®
@ @ W)

where \/% Is Normalization constant, y; , x, and y, are spin orbitals and (T, 2, ....,IV) are

electron coordinates. In a Slater determinant all electrons occupied in (columns) and spin
orbitals occupied in (rows) in a molecular system. If the two electrons are in the same orbitals

or the coordinates are the same, the nice property of the determinant is any two rows or two
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columns are equal, the entire determinant is going to zero, it means that the wave function is

become zero ¥ = 0.

As an example, for Helium (He) element, it has two electrons 1s2.

=
Vzi

FAORFAR) (3.68)

YD =F D o

It means that

¥(1,2) = \/% L (Dx2(2) = 11 (@)x2(1)] (3.69)

In the first term X1(T)X2 (f) says the electron 1 is spin up and electron 2 is spin down, and

in the second term, x; (2) (1) means that electronl is spin down and electron 2 is spin up.
Together, they indicate that is impossible to tell which electron is spin up and which electron

is spin down, this is due to indistinguishability of the two electrons (Kohanoff, 2006).
3.13.5. Correlation energy

It is correct that in the Hartree-Fock approximation succeeded to expect in many
cases, but when the HF equations have infinite basis sets, the HF limit is defined. Two reasons
affect the accuracy of any Hartree-Fock calculations, first is the size of atomic orbitals basis
set and the other one is accuracy of the electron repulsion. It means that the HF is not exact
because the anti-symmetric wave function is approximated by a single Slater determinant
representative under the Hartree-Fock technique for the quantum system. However, it was
not possible to define the exact function of Wave as single Slater determinants. The single
determinant method did not take coulomb correlation into consideration.

The HF wavefunction did not mention of the correlation effects, it neglected the
electron configuration correlation of the system. The instantaneous coulombic interactions

between electrons did not take into account. It characterized the electrons as travelling in the
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average potential field of the other electrons. The great deal of the modern system is
describing the electronic structure of the quantum system by using the electron correlation
into the interaction of the electrons. Electron correlation is separated into two correlations
which are dynamical and static correlation.

Electrons resist each other and they're looking forward to being able to hold each
other away. Their motion is however correlated, this correlation which decreases the energy
of the system, by reducing the repulsion of electron-electron. This interaction was never
reflected in the Hartree-Fock wavefunction and thereby uses the energy which is really
extremely high. The Configuration interaction CI technique for achieving correlation energy
gives a precise solution to the many-electron problem and it describes many Slater
Determinant except a single Slater Determinant which was mentioned in the HF approach.

Electrons' movements are impacted by the existence of all other electrons, which is
why correlation energy is defined as the difference between nonrelativistic energy (energy of
the ground state) minus the HF limit energy eq (3.7) (Szabo and Ostlund, 1996; Atkins and
Friedman, 2005).

Ecorr = Egxact — Enr (3-70)

Ecorr 1S Correlation energy, Egyqce 1S Exact quantum mechanics energy or Ground state
energy and Eyy is the Hartree-Fock energy. Therefore Eyr >Egyact- The Ecorr<0 it means

that E,, is negative or equal to zero.

3.13.6. Thomas-Fermi theory and dirac change energy

Another theory is the Thomas-Fermi theory (1927) which has developed for the
electronic structure of a many-body system. Thomas-Fermi model was considered as first
step of the density functional theory because this method includes the electronic density as a
key to solve the problem. Thomas-Fermi model, create the electronic density for an atom as

an alternative of using wave function of the Schrodinger equation, because the density has
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quite enough information to calculate the properties and the ground state energy (Lieb, 2000;

Panagiotopoulos, 2020).

E=T+ Vyo + Vs (3.71)
Err[p(X)] = f_0(3ﬂ2)2/3fp5/3(9?) d3% + %fl’('%/;fly) d3xd3y + (3.72)
fVext(x)p(x)dsx

Where Egr is Thomas-Fermi energy, p(x) energy density of the x direction and Vex: is
external potential.

This model is called semi-classical because they get both quantum and classical result
together. The first term is the quantum result while the other last two term are the classical
result.

The exchange energy added by Dirac in 1928, the theory became Thomas-Fermi-
Dirac (TFD), but still the theory was inaccurate because the kinetic energy was only an
approximation. After that, correlation added to the kinetic energy by Friedrich von
Weizsacker which made the TF theory more valuable and upgraded to TFDW system for the
massive atoms and huge electrons.

Another point is the bonding between molecules. In 1962, Edward Teller pointed that
Thomas-Fermi did not predict the bonding between atoms, so molecules and solids cannot

form in this theory (Kumar, 2012; Panagiotopoulos, 2020).

3.13.7. Density functional theory (DFT)

The Thomas-Fermi model had a remarkable advance in the development of
approximation methods. This was a significant step to solve the computationally intensive,
complex and difficult Schrédinger wave equation for atoms with two or more electrons. It
was a good idea especially in the field of atomic physics for developing and wide research

area to improve the electronic structure and properties of the materials. The accuracy of the
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Thomas- Fermi approach was limited, but it created a new field of research called density
functional theory (DFT), which described the quantum mechanics model methodology for
the examination of electronic structure in many-body system (Atkins and Friedman, 2005;
Kumar, 2012).

In 1964, Hohenberg and Kohn developed and proved another method, which had an
important role for dealing the ground state of quantum many-body system is the Density
functional theory (DFT) which involved the density of the electrons. And later in 1998 Kohn
who was developed the DFT and then developed the computational methods in quantum
chemistry shared a Noble prize in chemistry (Kaxiras, 2003; Kohanoff, 2006).

DFT model is more popular than the HF model, the reasons are because in DFT model
the electron correlation is less complicated in the field of computational method, and it can
count more than 100 molecules which shortens the time (Atkins and Friedman, 2005; Sholl
and Steckel, 2009).

3.13.8. Hohenberg-Kohn's theorems

In 1964, Hohenberg and Kohn published two theorems and started the basis for the
density functional theory. They approach DFT as an exact theory of the many-body system,
it means that everything could be obtained through the electron density (Koch and
Holthausen, 2001; Kohanoff, 2006). Fundamentally, the theorems are stating the followings:

The first of the Hohenberg and Kohn, the ground state energy from Schrddinger's
equation is a unique function of the electron density. As a result of this configuration, there
is a direct correlation between the ground state wavefunction and the electron density.

In the Hamiltonian operator from the Schrodinger equation, we explicitly determine
the external potential V,,.. Then with this external potential we can calculate the eigen state
of the Hamiltonian. Having the eigen state of the Hamiltonian, we can have the ground state,
we can obtain the electronic density associated with that ground state. Also, HK say that if
we have a ground state electron density, this ground state electron density uniquely
determines the external potential. It means with that eigen state, we can calculate everything

we want Fig 3.12.
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Figure 3.12. Representation scheme of the Hohenberg and Kohn theorem.
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Until now, from the first theorem in the ground state density, we can obtain all the

properties of the interest, but the problem is here, it did not say anything about what the

functional actually is, that is why the second theorem of the Hohenberg and Kohn is

established and defined an significant property of the functional. It state that Shrodinger

equation's entire solution has a total electron density that is equal to the energy of the

functional (Koch and Holthausen, 2001; Martin, 2004; Sholl and Steckel, 2009).

Elp(M)] = [ p(r) Vexe(r)dr + Fyr[p(r)]

min
Fyplp(r)] = W) SWIT + Vel¥ >

(3.78)

(3.79)
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E[p(r)] is the energy in ground state density which is taken into account in terms of the HK
functional, Fyr[p(r)] is the Functional of the function of electron density, T is the Kinetic

energy, V., is the external potential, p(r) is the electron density and W is the wave function.

3.13.9. Kohn-Sham equations

One year later, in 1965 a theorem was published, which is called Kohn-Sham
theorem, they described a way to solve the HK theorem. The KS approach is to replace the
original difficult interacting particle Hamiltonian with a different one which is solved more

easily: which is a non-interacting particle Hamiltonian with an effective potential Vs.

[—%V2+ V() + Vy(r) + VXC(r)] W, (r) = E;%;(r) (3.80)

M

z (3.81)

V= -

SEylpl p@) (3.82)
Vy(r) = 50(r) f P Tl

SE |
Vhe(r) = 2535 (389
Verrective(r) = Vs(r) = Vu(r) + Vic(r) + V(1) (3.84)

From the equation (3.80), the first item in the left-hand side denotes the kinetic energy
of the electrons. The second item is significant for the electron and nucleus attraction. The
third item is the Hartree potential, because in order to explain the Kohn- and Sham equations,
we have to describe the Hartree potential and the last term is the exchange-correlation energy
(Atkins and Friedman, 2005; Sholl and Steckel, 2009).
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It is clear from Figure 3.13, for the same ground state electron density, we define a
non-interacting system having the same electronic density and if we apply the H-K theorem
for non-interacting system, according to that ground state electronic density uniquely specify
the external potential of each electron which we call the K-S potential.

When we have the K-S potential, we can calculate any eigen states for one particle
and one electron eigen state. If we have one particle wave function, we can build the Slater
determinant of the N particle system. Once we have that Slater determinant, we can figure
out the ground state electronic density.

HK KS HK,
Vere(r) €= po(r) & ) = Vs

l T T l

lpi (?") % Lpo (?‘) L}JE =1, Ne (?‘) F l_pi (r)

Figure 3.13. Represent the Kohn and Sham approach which is H-K theorem applied to the
non-interacting problems.

Once we have the total Hamiltonian, we could calculate the eigen state. The ground
state electronic density of the real system will be the same as the non-interacting ground state
electronic density and this ground state electronic density could be obtained from the Slater

determinant.
prs(r) =2 Z Y (r¥;(r) (3.85)

One more point is that, the evaluation of exact kinetic energy functional is difficult
due to many-body effect.

The number of research papers published based on DFT follows a nearly exponential
growth as a function of the years. It is found out that from the Kohn and Sham approach is

very effective approximation which are currently a source of many computations which try
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to anticipate the characteristics of condensed matter and large molecular systems on the first
principle or ab initial basis. LDA and GGA are surprisingly precise, especially noticeable for
wide-band systems like semiconductors 1V and I1-V and metals such as Na & Al and
insulators for instance diamonds (Martin, 2004; Sholl and Steckel, 2009).

3.13.10. Local density approximation (LDA)

A simplest approximation that is widely use for the exchange-correlation energy
which was proposed by K-S in order to implement their method is called the LDA. This

approximation is currently used in different Ab initio calculations.
EXRAlp]l = p(P)Exe [p(P)]dF (3.86)

E}jgif Is the exchange-correlation energy per particle of the homogeneous uniform electron
gas with a constant density p. Due to LDA we can split the exchange correlation electron gas
into two terms, the exchange energy functional and correlation energy functional which are
(Atkins and Friedman, 2005; Sholl and Steckel, 2009):

Exe [p@] = Ex™ (0) + E¢™ (p) (3.87)

Exchange energy basically is the average of the electron potential energy, considered
as the K-S wave function minus the Hartree energy. But with considering electron gas, with
in the K-S model we have this fictious system with non-interacting electrons. The wave
function for that system is going to be the Slater determinant, and that Slater determinant is

the same as the one we use for H-F model and with this H-F model, we already have

calculated the exchange energy. Eémif cannot be calculated analytically, this quantity has

been found numerically.
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e (3.88)

-3

There are a lot of information on the performance of the LDA approximation to have
different properties of the systems such as electronic structure, band structure, elastic,
vibrational properties, density of state, bond length and lattice constants are good enough to
compare with the experimental results. The accuracy of the LDA is decreases with varying
the constant electron density for many atoms or molecules. Also, there are some concepts
that are not well known or found out that LDA is not accurate to calculate in, like binding
energy especially in the cohesive energies and Van der Wall interactions could not be
properly described (Atkins and Friedman, 2005; Kohanoff, 2006).

3.13.11. Generalized gradient approach (GGA)
Another approximation of the K-S theorem is called the (GGA) which is satisfy the
exact properties of the exchange-correlation densities, which are not the uniform electron

densities, it is based for slowly varying densities. The exchange- correlation potential of the
GGA approximation is (Koch and Holthausen, 2001; Martin, 2004):

Vi h () = Vclp(r),V p(r)] (3.89)

The exchange-correlation energy of the GGA approximation is:

B = [ @ flo().7 () (3.90)

In the GGA approximation is divided into two terms which are:

EG6A — [G6A | FGGA (3.91)



53

Furthermore, the GGA approximation in most of the cases is improved and accurate
than the LDA approximations such as the binding energies, atomic energies, bond lengths
and angles. But in the case of semiconductors the LDA is better described than the GGA
except for the binding energies, and in the lattice constants for the noble metals like (Au, Ag
and Pt) the GGA is overestimated (Koch and Holthausen, 2001; Kohanoff, 2006).

3.13.12. Pseudopotential method

In order to explore high-lying atomic states, the notion of pseudopotentials was
presented by Fermi in 1934. Hellman subsequently advocated the use of pseudopotentials for
calculating the energy levels of alkali metals. But it was not taken into account until late
1950s when activities began to increase in the field of condensed matter physics that the
significant use of pseudopotential occurred. The major benefit of pseudopotentials is that it
is essential to analyze just valence electrons. According to the Fermi, all wave function
properties of the electrons near the core are complex and difficult to calculate; the weak
potential is meant to be more precise with the wave function. because it faces just with outer
electrons (Cohen, 2005; Kohanoff, 2006).

In the pseudopotential method, the electronic structure is divided into 3 categories of
states. These are the core states, semi-core states and valence states. The core states
participate and involve the chemical bonding activities and it is highly localized because they
are close to the nucleus and the radius is small. They are tightly connected to the nucleus and
that is called the frozen core states, it means that the core electrons are not important and
does not have a role in the chemical bonding. Semi-core states that are states which are
localizable and polarizable, it means in some cases that are related to the core states and in
different cases that are related with the valence states. The last state is the valence states
which are defined as a responsible state for chemical bonding and less tightly bounded with
the nucleus (Kohanoff, 2006; Sholl and Steckel, 2009).

Zy=7Z— Zcore (3.92)
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The bare coulomb interaction is an interaction that all electrons (core electrons and
valence electrons) are participate in this kind of interaction. However, in the pseudopotential
there is no more bare coulomb interaction available. It replaced by the screened coulomb
potential which means that it replaced with a smooth pseudo wavefunction. The true potential
also replaced by a pseudopotential (PS) or effective core potential as seen in Figure 3.14. For

computations using pseudopotential in the atoms, establish a minimum energy cut-off in the
calculations.

Pseudo
wavefunction
\. -l

i
/ ‘... / 1
VA N / !

/ E r

jdoptentiall
‘; i VPS(.V) :

/ i Cutoff radius (r¢)

Figure 3.14. schematic illustration of the pseudo wave function, pseudopotential with the
all-electron wave function, and all-electron potential.

As it is clear the cut-off radius in the Figure 3.14 is a point at which the pseudo
wavefunction and the all-electron wave functions are allied together, it means at and after

that point the energy and the electron densities for both of them are the same (Sholl and
Steckel, 2009).



4. RESULTS AND DISSCUSION

4.1. LiPaOs Crystal

The LiPaOs crystal is a cubic structure. According to its atomic configuration this
material is belong to the perovskite cyrstals. The full name of LiPaOs is Lithium Protactinium
Oxide. Space group of this crystal is Pm3m (Space group No: 221) and the Point group is
m3m.

In this study we first performed cut-off energy and k-point optimizations. Afterwards
volume optimization within two approximations such as GGA and LDA. We calculated the
lattice parameters with both approximations. In order to compare all of our results we

performed our calculations within both of the approximations.

4.2. Structural Properties of LiPaOs Crystal

In order to investigate the structural properties of LiPaOs first of all, we performed
cut-of energy optimization in GGA and LDA approximations. We obtained our calculated
cut-off energy value as 40 Hartree with both approximatios. Then we did the k-point
optimization. For our crystal we found the number of k-points as 35 within 10x10x10
Monkhorst-Pack grid again with both approximations. Afterwards, we performed volume
optimization in order to see the relations between the total energy vs pressure and volume
also the relation between the volume and the pressure for LiPaOs crystal. At this step, we
calculated the lattice parameters with GGA and LDA approximations. We noticed that the
results under both approximations are very close to each other and with the literature.

ABINIT dependes on pseudo-potantial approximation, and uses some types of
pseudo-potantials. Here, we used Trouller-Martins pseudo-potantials for both
approximations such as GGA and LDA. All those results are given with graphs, tables and

detailed explanations thruoghout the thesis.
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4.2.1. Cut-off energy

According to Bloch’s theorem, the wave function can be written as a summation of

discrete plane wave set for a k point equation (4.1) which has an infinite number of terms
(Kittel, 2005).

Yoz (D= Cppg €+ (4.1)

To handle with this kind of wave set is very difficult. But luckily, it was found that,
there is an energy value, after that all calculations with this wave function is very close to
each other. So to continue further than this value results a very huge time loss and computer
efficiency. So we can finish this summation at a value before infinity, which is called as cut-
off energy. This limit value can be obtained by performing cut-off energy optimization. In
this optimization, we can see the relation ship with the total energy of a crystal and the cut-
off energies. When it is ploted this relationship, it is seen that after a limit value of cut-off
energy total energy becomes stable. This value or a little bigger than this value can be chosen

as cut-off energy.
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Figure 4.1. The change in total energy with respect to cut-off energy for LiPaOs under GGA.
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Figure 4.2. The change in total energy with respect to cut-off energy for LiPaOs under LDA.

In this study cut-off optimization is done for GGA and LDA. We ploted our results
in Figure 4.1 and 4.2, and we decided our cut off value as 40 Hartree (1088.45 eV) for both
approximations. From Figs. 4.1 and 4.2, it is seen that the total energy value under GGA is
-95.96 Hartree (-2611.20 eV) and under LDA is -95.56 Hartree (-2600.32 eV) which are very

close to each other.
4.2.2. Number of k-points

In order to do the calculations with Density Functional Theory, we need to take
integrals of the wave vectors over the Brillouin zone. However, there is a huge number of k-
points in a Brillouin zone. So these calculations are very difficult and time consuming. In
order to get rid of that difficulty, Monkhorst and Pack introduced a method by using the
symmetry properties of the crystals (Monkhorst-Pack, 1976). They revealed that there are
some k-points which has the same symmetrical properties and wave functions with the

neighbourhood k-points. So it is enough to consider just that k-point instead of all of them.



58

So, we can use the k-points with different wave vectors. In order to investigate those k-points,
the crystal is divided in to two parts along X, y and z (2x2x2 Monkhorst-Pack grid) directions.
Afterwards, the crystal is divided into four, six, eight, etc... parts within 4x4x4, 6x6x6,
8x8x8, etc... Monkhorst-Pack grids, respectivel in order to calculate the number of k-points
with different symmetry properties and wave functions. This is called k-point optimization.
By increasing the number of grids the number of k-points increases. During this optimization
we get the relationship between the number of k-points and the total energy values. We can
also obtain the dependence of the total energy and the Monkhorst-Pack grids as given in

Figures 4.3 and 4.4, for GGA and LDA approximations, respectively.
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Figure 4.3. Total energy with respect to Monkhorst-Pack grids under GGA approximation
for LiPaOa.
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Figure 4.4. Total energy with respect to Monkhorst-Pack grids under LDA approximation
for LiPaOs.

As seen from the graphs, it is convenient to chose the value of Monkhorst-Pack grids
as 10x10x10 for both approximations. For that amount of grids there are 35 k-points.

From the above two figures, it is also noticed that the total energies are very close to
both each other and with the results obtained from the cut-off optimizations, that is -95.99
Hartree for GGA and -95.52 for LDA approximations.

4.2.3. Volume optimization

The following step was volume optimization. This optimization gives the calculated
lattice parameters, total energy vs volume, total energy vs pressure and pressure vs volume
alterations. First of all, we plotted total energy vs volume graphs for GGA Figure 4.5 and for
LDA Figure 4.6. When we examine these graphs, we see that there is a minimum point. This
point gives the volume value of the decisive LiPaOs crystal. From this volume values one
can calculate the lattice parameters. The calculated lattice parameter is 8.9052 Bohr for GGA
and 8.7440 Bohr for LDA, which are very close to the literature value (8.8003 Bohr) . From
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this point we prefered to continue with GGA approximation to our calculations. The total
energy at this point is also the value for the decisive LiPaOzs. This total energy values for both
approximations are consistent with the values obtained while cut-off energy and k-point

optimizations.
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Figure 4.5. Total energy vs. volume graph of LiPaOs crystal under GGA.
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Figure 4.6. Total energy vs. volume graph of LiPaOs crystal under LDA.
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We then plotted the total energy vs pressure graphs for GGA Figure 4.7 and for LDA
Figure 4.8. The minimum point of those graphs also give the decisive situation of LiPaOs
crystal. In the ground state the for a decisive crystal the pressure must be equal to zero. This
condition is satisfied under both of the approximations for LiPaOs as seen from Figures. 4.7
and 4.8.
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Figure 4.7. Total energy vs. pressure graph of LiPaOsz crystal under GGA.
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Figure 4.8. Total energy vs. pressure graph of LiPaOs crystal under LDA.
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Figure 4.9. Pressure vs. volume graph of LiPaOs crystal under GGA.
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Figure 4.10. Pressure vs. volume graph of LiPaOs crystal under LDA.

In this part of our study we investigated the pressure and volume relationship. In
Figures 4.9 and 4.10, we plotted the pressure vs volume values for GGA and LDA,

respectively. It is seen that pressure and volume are inversely relational, as expected.
4.2.4. Lattice parameters of LiPaOs crystal

The lattice parameters are also obtained from the volume optimization. As given in
the previous section, the calculated lattice parameter is 8.9052 Bohr for GGA and 8.7440
Bohr for LDA. We also plotted those graphs and gave in Figure 4.11 for GGA and in Figure
4.12 for LDA. The minimum points show the decisive LiPaOs crystal.
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Figure 4.11. Total energy vs. lattice parameter graph of LiPaOz crystal under GGA.
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Figure 4.12. Total energy vs. Lattice parameter graph of LiPaOs crystal under LDA.
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4.2.5. Unit cell of LiPaOs crystal

We focused on the unit cell structure, bonds and the bond lenghts of LiPaOs3 crystal
by using VESTA computing programme (Momma and Izumi, 2011). The space group of
LiPaOs is Pm3m (No:221) and its point group is m3m. In Figure 4.13 the unit cell of LiPaO3
is given. We also focused on the bonds and bond lengths. In unit cell the bond length between
the Pa and O atoms is 4.1001 Bohr, and the bond lenght between Li and O atoms is 3.0684
Bohr.

Figure 4.13. The Unit cell of the LiPaOs crystal (Momma & Izumi, 2011).

4.3. The Electronic Properties of LiPaO3s Crystal

We investigated the electronic structure of LiPaOs crystal by computing and plotting
the electronic band staructure, density of states and partial density of state of this crystal. We
plotted the electronic band graph according to ' =X — M —T'— R — X high symmetry

points in the 1% Brillouin zone. The density of states and the partial density of state values
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are given with arbitrary units. We performed the next calculations such as electronic, optic,
elastic properties with the GGA approximation.

4.3.1. Electronic band structure

The electronic band structure of LiPaOz crystal is obtained with GGA Figure 4.14
and LDA Figure 4.15. The graphs obtained with both of the approximations are very close to
each other. There are 12 valance bands of the LiPaOs crystal. In the figures with 9 conduction
bands, there are 21 bands. The three of the valence bands are belong to core electrons which
around -15 eV energy values. The band gap is 2.10 (2.19) eV with GGA (LDA), so LiPaO3
is semiconductor with a direct transition. The energy of top level of the valence band, filled
with the electrons is called as Fermi energy. In Figures 4.14 and 4.15, the Fermi level adjusted
as 0 eV and it is shown with horizontal red dashed line.
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Figure 4.14. Electronic band structure of LiPaOs under GGA. The red line is the Fermi
energy level.
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Figure 4.15. Electronic band structure of LiPaOs under LDA. The red line is the Fermi
energy level.

Since the bands around the Fermi level are a little bit mixed, we have given the
electron band structures between the -4 and 6 eV values in the following two graphs, namely

Figure 4.16 for GGA and Figure 4.17 for LDA in order to investigate more detailed.
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Figure 4.16. Electronic band structure of LiPaOs between -4 and 6 eV energy values under
GGA.

According to Figure 4.16 Figure 4.17 (except for the core electron bands), the
minimum energy value of the valence band is -3.09 (-3.27) eV and the maximum energy
value of the valence band is matched to 0 (0) eV. The minimum energy value of the

conduction band is 2.10 (2.19) eV and the maximum energy of that is 5.67 (5.87) eV for
GGA (LDA).
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Figure 4.17. Electronic band structure of LiPaOs between -4 and 6 eV energy values under
LDA.

4.3.2. Density of states (DOS)

Afterwards we have calculated and plotted the density of states (DOS) of LiPaOs
crystal for both GGA Figure 4.18 and LDA Figure 4.19 approximations. From Figures 4.18
and 4.19, the contributions of the core electrons, valence and conduction bands are seen
clearly. Again the Fermi energy level is matched to 0 eV energy value. The core electron
bands are around -15 eV as obtained from electronic band configuration graphs. The
minimum and the maximum energy values of the valence and conduction bands are also
consistent with the electronic band graphs for both approximations. Also the band gap values
can be obtained from density of states graphs, which are consistent with the obtained values
in this study.

The density of states are given in arbitrary units and the energy values are given in
eVv.
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Figure 4.18. Density of states graph of LiPaOs crystal under GGA.
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Figure 4.19. Density of states graph of LiPaOs3 crystal under LDA.
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4.3.3. Partial density of states (PDOS)

In the investigation of the electronic properties of the LiPaOs crystal, we also
calculated the partial density of states which are the density of states of each type of the atoms
in the crystal. First of all, we focused on the conrtibutions of the Li atoms under GGA and
LDA approximations. In Figure 4.20 the partial density of satets graphs under GGA and LDA
are given. The both of the graphs are very similar to each other. The main contribution of the
Li atom is from conduction bands with mainly s states. There is also slightly contribution
with p states in the conduction bands. For Li atoms, it is also noticed that there is a very

slightly contribution from the valence bands to the density of states with s and p states.
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Figure 4.20. The partial density of states (PDOS) graph of Li atom under (a) GGA and (b)
LDA approximations.

The contribution of Pa atom under GGA and LDA are given in Figure 4.20. From this
figure, it is seen that the main contributions for valence and the conductionn bands are from
the f states. The contribution from valence is very few but from the conduction bands are

very high.



72

400
500| — Sstate| pa (GGA) 30l | oSt pa(LDA)
— p state — p state
0 400 |~ d state W 3004{ |——dstate
3 — f state < — f state
2 2 2504
g 3001 S
g £ 2001
S £
< 2004 < 1504
3 8 1001
o 1004 [a)
a a 50 .
0 T T T T T 0 LTJ T T T T
-15 -10 -5 0 5 -15 -10 -5 0 5
Energy (eV) Energy (eV)

@) (b)

Figure 4.21. The partial density of states (PDOS) graph of Pa atom under (a) GGA and (b)
LDA approximations.

There are three oxygen atoms in the LiPaOz crystal. The partial density of states of
those O(1), O(2) and O(3) atoms with GGA and LDA approximations can be seen in Figure
4.22. As seen from this figure the characteristic of those atoms are very similar. There are
contributions from the core electrons and the valence bands. The contribution of the core
electrons are composed mainly from the s states and the contribution of the conduction bands
are mainly from the p states.

Also, it is noticed that the addition of the contributions of all these atoms give the

density of states for both of the approximations, as given in the previous section.
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Figure 4.22. The partial density of states (PDOS) graph of O(1) atom under (a) GGA (b)
LDA, O(2) atom under (c) GGA, (d) LDA, O(3) atom under (e)GGA and (f)
LDA approximations.
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4.4. Optical Properties of LiPaOs Crystal

In this level of our thesis study we interested in the optical properties of the LiPaOs
crystal. In order to understand the optical properties of a material first of all, we need to
calculate the complex dielectric function (¢ = &, + ie,), which is composed of the real (&;)
and the imaginary (e&,) parts. The real and the imaginary parts of the dielectric function for
GGA (LDA) is given in Figure 4. 23 and Figure 4.24. The negative part of the real component
shows that the crystal reflects all of the coming light. The zero values of this component
refers to the plasmon excitations. In the imaginary part there are peaks which shows the
transitions of electrons from valence to the conduction bands. The static dielectric function
is equal to 3.56 (3.51) for GGA (LDA).

The reflectivity (R), refractive index (n), extinction coefficient (k), effective number
of electrons (Neff), energy loss functions for surface (Ls) and for volume (Lv) are calculated
and given in Figure 4.25 for GGA and in Figure 4.26 for LDA. The value static refractive
index is 1.88 for GGA and 1.87 for LDA. Lv gives the energy loss of an electron while
passing through the crystal. The peak of Lv gives information about the plasma oscillations.
Neff is related with the transition between the bands and for the saturated values there is no

transitions.
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Figure 4.23. (a) The real and (b) the imaginal components of complex dielectric function of
LiPaOs crystal under GGA.
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Figure 4.24. (a) The real and (b) the imaginal components of complex dielectric function of
LiPaOz crystal under LDA.
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Figure 4.25. (a) Reflectivity, (b) Refractive index, (c) Extinction coefficient, (d) Effective
number of valence electrons per unit cell, (e) Energy loss function for surface
and (f) Energy loss function for volume of LiPaOs crystal under GGA.
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Figure 4.26. (a) Reflectivity, (b) Refractive index, (c) Extinction coefficient, (d) Effective
number of valence electrons per unit cell, (e) Energy loss function for surface
and (f) Energy loss function for volume of LiPaOs crystal under LDA.
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4.5. The Elastic Properties of LiPaOs Crystal

Finally, we examined the elastic properties of the LiPaOgz crystal. The first thing that
we did was to calculate the elastic stiffness constants. Elastic stiffness constants are actually
rank four tensors as C;j;, but by using a matrix notation (Nye, 1985) we can convert them to
Cmn- However C,,,,,’s are not rank two tensors. By using this matrix notation we can reduce
the number of the components of these elastic stiffness constants to 36. The 21 of the 36 are
independent components. For different crystal structures, there are different number
independent elastic stiffness components. The number of independent components of elastic
stiffness components are just three for a cubic structure, which are C11 (= C,, = C33), C12
(= Ci3 = Cyy = Cy3 = (31 = C33) and Cas (= Cs5 = Cge) Table 4.1.

Table 4.1. The calculated elastic stiffness constants of LiPaOs under GGA and LDA.

Elastic Stiffness Constants GGA(GPa) LDA (GPa)
Cu 380.72 469.50
Cp 27.83 33.81
Cus 20.87 20.59

The elastic stiffness constants give many informations of a crystal about its elastic
properties. If a crystal obeys the following rules (Mouhat, 2014) which are given in eq (4.1),
then this material is said to be mechanically stable. Here B refers to Bulk modulus which is
given in Table 4.2. It is clear that with the values given in Table 4.1 this crystal is
mechanically stable for GGA and LDA.

Ci1+2C5 >0, Cya>0, C;y—Ci3>0, Cpq>0andCyy <B<Cyy (4.1)

After the elastic stiffness constants we calculated the Bulk, Shear and Young
modulus, and some elastic properties which are given in Table 4.2. The Bulk and the Shear
modulus are calculated with three different methods such as VVoight, Reuss and Hill methods.
The poisson ratio and the flexibility constant gives information about the material if it is

elastic of fragile. If the Poisson ratio is bigger that the critical value of 0.26 then this material
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is elastic. If it is smaller then this value it is a fragile material. Also if the flexibility constant

is bigger than 1.75 it is elastic, if it is smaller then it is fragile material. Our Poisson ratio is

bigger than 0.26 and flexibility constant is bigger than 1.75, so LiPaOs is an elastic material.

Debye temperature is related with the thermal conductivity. The Debye temperature

values for both approximations show that our material has a thermal conductivity property.

Table 4.2. Some elastic modulus and constants of LiPaOs crystal under GGA and LDA

approximations.

The Elastic Properties Symbol (Unit) GGA LDA
Voigt Bulk Modulus Bv (GPa) 145.43 179.013
Reuss Bulk Modulus Br (GPa) 145.43 179.016
Hill Bulk Modulus B+ (GPa) 145.43 179.015
Voight Shear Modulus Gv (GPa) 83.10 99.491
Reuss Shear Modulus Gr (GPa) 32.31 32.338
Hill Shear Modulus GH (GPa) 57.71 65.915
Young Modulus E (GPa) 152.89 176.127
Poisson Ratio v(-) 0.33 0.336
Flexibility Constant K=Bvrr/GvrH (-) 2.52 2.716
Debye Temperature 6p 132.93 142.282
Zener Anizotropy Factor A(-) 0.12 0.09

From the Zener anizotropy factor, we can understand the isotropy of that material. If

the value of the Zener anisotropy factor is close to 1, that material is said to be isotropic. If

that value is close to zero than that material is anisotropic. LiPaOs is anisotropic because the

Zener anisotropy factor values under both approximations are close to zero.






5. CONCLUSION

In this study we investigated the physical properties of LiPaOs crystal by using the
Density Functional Theory within the Generalized Gradient and Localized Density
Approximations. We used ABINIT computer programme throughout our study.
Additionally, we also used Vesta computer programme for the unit cell sketching, bond and
bond lenght calculations.

First of all, we performed the cut-off energy and k-point optimizations. After deciding
those values we did volume optimization. Volume optmization gave us the relations between
the total energy-volume, total energy-pressure and pressure-volume alterations. Also we
calculated the lattice parameter under both approximations. Our calculated lattice parameter
values are very close to the value that we obtained from the literature.

In order to understand the structural properties of the LiPaOs3 crystal, we plotted the
total-energy vs volume, total energy vs. pressure, total energy vs lattice parameter and
volume vs. pressure graphs. We also sketched the unit cell structure of LiPaO3s crystal from
which the perovskite structure of that crystal can be clearly seen. The bonds and the bond
lenghts are also calculated with Vesta programme during the investigation of the structural
properties of LiPaO3 crystal.

In the investigation of the electronic properties, calculated and plotted the electronic
band structure, density of states and the partial density of states of LiPaO3z under GGA and
LDA approximations. From those calculations we noticed that this material is a
semiconductor with a direct transition. The density of states graphs are compatible with
electronic band structure graphs. The total partial density of states graphs may give the
density of states of LiPaOs crystal.

Afterwards, we investigated the optical properties of LiPaOs crystal. We calculated
the complex dielectric function and some optical properties such as reflectivity, refractive
index, extinction coefficient, effective number of valence electrons per unit cell, energy loss

function for surface and energy loss function for volume under GGA and LDA
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approximations. The calculated optical properties are given with figures which are
compatible with each other.

Lastly, we focused on the elastic properties of LiPaO3. We calculated the elastic
stiffness constants. By the help of these constants we obtained the bulk, Shear, Young
modulus and some other elastic constants. We noticed that this crystal is mechanically stable
and it is an elastic material.

According to our research there is no previous study about LiPaO3 about the topics
that we studied in this work. So we could not compared our results with the literature except
fort he lattice parameters. However, we see that our results are consistent with each other
throughout all calculations in our thesis study. Because of that we believe that our study will

shed light on new studies about LiPaOs crystal.
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Bu tez ¢alismasinda LiPaOs kristalinin yapisal, elektronik, optik ve elastik 6zellikleri
Yogunluk Fonksiyoneli Teorisi ile Genellestirilmis Gradyent ve Yerel Yogunluk
Yaklagimlar1 altinda incelenmistir. Tiim hesaplamalar i¢in ABINIT bilgisayar programi
kullanilmigtir. ABINIT e ek olarak kristalin birim hiicresinin ¢izimi, bag yapisi ve bag
uzunluklarinin incelenmesinde Vesta programi kullanilmistir.

Ik olarak, yapilacak tiim optimizasyonlarda kullanilmak iizere kesme enerjisi ve k-
noktalar1 optimizasyonu yapilmis, boylece tiim hesaplamalarda kullanilacak kesme enerjisi
ve k-noktalar1 sayisi belirlenmistir. Ardindan hacim optimizasyonu yapilarak, kararl
kristalin toplam enerjisine karsilik hacim ve basing degisimleri elde edilmis. Bunlarin
yaninda kristalin hacim basing¢ degisimi ve teorik orgili parametresi hesaplanmistir. Yapisal
Ozelliklerin incelenmesinde son olarak, LiPaOs kristalinin birim hiicresi ¢izdirilmis, bag
yapisi ve uzunluklart hesaplanmastir.

LiPaOs kristalinin elektronik 6zelliklerin anlagilabilmesi igin elektronik band yapis,
durum yogunlugu ve kismi durum yogunluklari grafikleri hesaplanmis ve ¢izdirilmistir. Tiim
bu grafikler her iki yaklagim altinda ¢izdirilmis ve ¢ikan sonuglarin birbirine oldukga yakin
olduklar1 goriilmistiir. LiPaOs kristalinin direk gegise sahip bir yariiletken oldugu ve yasak
band araliginin GGA yaklasimi altinda 2.10 eV, LDA yaklasimi altinda ise 2.19 eV elde
edilmistir.

Ardindan LiPaOs kristalinin optik 6zellikleri ¢alisilmistir. Bu kapsamda ilk olarak
kompleks dielektrik fonksiyonu her iki yaklagim altinda elde edilmistir. Kompleks dielektrik
fonksiyonun gercek ve sanal bilesenleri hesaplanmis ve grafikleri ¢izdirilmistir. Ardindan bu

degerler kullanilarak, yansitma, kirllma indisi, sSOnlm katsayisi, birim hiicre basina etkin
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degerlik elektron sayisi, Yiizey igin enerji kayip fonksiyonu ve hacim i¢in enerji kayip
fonksiyonu hesaplanmistir. Tiim bu optik 6zellikler hem GGA hem de LDA yaklasimlari
altinda hesaplanmig ve grafikleri ¢izdirilmistir. Tim optik 6zelliklerin de elektronik ve
yapisal Ozelliklerde elde edilen sonuglarda oldugu gibi kendi iglerinde oldukga tutarli
olduklar1 goriilmiistiir.

Son olarak ise LiPaOs kristalinin elastik 6zellikleri incelenmis ve ortaya konmustur.
Bu baglamda ilk olarak elastik sertlik katsayilar1 hesaplanmis ve ardindan da bu degerler
kullanilarak, Bulk, Shear ve Young modiilleri ile, Poisson orani, esneklik katsayisi, Debye
sicakligt ve Zener anisotropi katsayisi hesaplanmistir. Tiim bu hesaplamalar sonucu,
incelenen kristalin mekanik olarak kararli oldupu ve esmek yapiya sahip bir malzeme oldugu
bulunmusur.

Yaptigimiz kapsamli literatiir ¢alismasina gore LiPaOs kristali iizerine yapilmis
benzer ¢caligsmalarin hi¢ olmadigi, yapisal, elektronik, optik ve elastik 6zelliklerinin daha 6nce
hi¢ incelenmedigi goriilmiistiir. Bu nedenle yaptigimiz bu tez ¢alismasinin LiPaOgz kristali ile

ilgili gelecekte yapilacak ¢aligsmalara 151k tutacagi kanaatindeyiz.

Anahtar kelimeler: ABINIT, Durum yogunlugu, Elastik ozellikler, Elektronik
oOzellikler, LiPaO3, Kismi durum yogunlugu, Optik 6zellikler, Yogunluk fonksiyoneli teorisi.
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1. MATERYAL VE YONTEM

Gerek dogada var olan gerekse yapay olarak iiretilmis olsun, malzemelerin fiziksel
ozelliklerinin anlasilmasi, onlarin uygulama alanlar1 bakimindan oldukc¢a 6nemlidir. Bir
malzemenin fiziksel 6zelliklerinin anlasilabilmesi i¢in zamandan bagimsiz Schrédinger
denkleminin c¢o6zulebilmesi gereklidir. Bu denklem tek elektron icin cozulebilir ancak
incelenen malzemelerde oldukca cok sayida elektron vardir. Bu sebeple bu denklem
coziilemez hale gelir. Bu nedene ge¢misten giiniimiize bir takim yaklasimlar yapilmis be bu
“cok pargacik problemine” ¢dziimler aranmustir. ilk olarak Born-Oppeinheimer, ardindan
Hartree ve son olarak da Hartree-Fock degiskeni eektron ve electron dalga fonksiyonu olarak
alip ¢oztimler tiretmisler ancak tam ¢oziim saglayamamislardir. Ardindan Thomas-Fermi
degiskeni electron yerine electron yogunlugu alarak onemli bir asama kaydetmistir ve
zamandan bagimsiz Schrédinger denkleminin ¢o6ziimiinde olduk¢a Onemli bir ilerleme
kaydetmistir. Ardindan Hohenberg ve Kohn iki teorem fliretip ¢6ziimleri {izerinde ¢alisarak
ilk defa Yogunluk Fonksiyoneli Teoreimini temellerini atmiglardir. Ardindan Kohn ve Sham
zamandan bagimsiz Schrodinger denklemi yerine kendi denklemlerini koyarak yaptiklar
cozlimler Yogunluk Fonksiyoneli Teoreimini tam olarak ortaya koymus ve ¢ok parcacik
problemine ¢6ziim bulmuslardir.

Gunimuzde Yogunluk Fonksiyoneli Teoremine dayali olarak hesap yapan bir¢ok
program vardir. Siesta, Quantum Espresso, Abinit, Wien2k bunlardan sadece birkagidir. Biz
bu ¢alismada ABINIT programini kullandik. ABINIT 1997 yilinda Xavier GONZE ve
arkadaslar1 tarafindan baslatilan ve bircok farkli gruplarin uluslararasi isbirligi ile gelisime
acik olarak olusturulan bir yazilim projesidir. ABINIT, yogunluk fonksiyonel hesaplarini
diizlemsel dalga ve pseudo potansiyeller kullanarak yapar (Gonze ve ark., 2002). ABINIT in
gelistirilmesinin  yaninda Ogretilmesi icin de c¢evrimigi egitimler verilmektedir
(wwwe.abinit.org.)

ABINIT Kohn —Sham denklemlerini iteratif yontemlerle ¢ozerek malzemelerin
fiziksel Ozelliklerini hesaplayip ortaya koyabilen bir programdir. Bunun yaninda bu
calismada birim hiicrenini ¢izilmesi, bag yapilarimin anlagilmasi ve bag uzunluklarinin

hesaplanmasi i¢in VESTA (Momma, K., & Ilzumi, 2011) bilgisayar programi da
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kullanilmistir. Bu program da yine Yogunluk Fonksiyoneli teorisi ile ¢alisan programlarda

uyum i¢inde ¢alisabilmektedir.

2. BULGULAR VE TARTISMA

2.1. LiPaOsKristali

The LiPaOs kristali kiibiik yapida olup perovskit sinifinda yer almaktadir. LiPaOs
kristalinin uzun adi Lityum Protaktinyum Oksit’tir. Uzay grubu Pm3m (No: 221) ve nokta

grubu ise m3m “dir.

2.2. LiPaOs kristalinin Yapisal Ozellikleri

LiPaOs kristalinin yapisal 6zelliklerini arastirmak igin ilk olarak kesme enerjisi
ardindan da k-noktalar1 optimizasyonlar1 yapilmistir. Kesme enerjisi ve k-noktalar1 degerleri
saptandiktan sonra, hacim optimizasyonu yapilarak Orgii parametreleri degerleri elde

edilmistir.

2.2.1. Kesme enerjisi

Denklemlerin ¢6ziimiinde kullanilan dalga fonksiyonlar1 Bloch teoremine gore
sonsuz terimin toplamindan olusur. Bu durum hesaplamalar1 imkansiz hale getirir. Bu
nedenle bu toplami sonsuz yerine daha kii¢iik bir degerde sonlandirabilmeliyiz. Toplam
enerjinin Kinetik enerjiye bagh grafigi ¢izdirildiginde belirli bir degerde kararli kristalin
toplam enerji degerine ulagildig1 goriilmiistiir. Bu deger kesme enerjisi degerine karsilik gelir.
Kesme enerjisinden ne kadar biiyiik deger segilirse islem biraz daha zaman alir. Ancak
sonugcta ciddi bir fark olusmaz. Bu nedenle islemleri daha kisa siirede tamamlamak ve daha
az bilgisayar giiciline ihtiya¢ duymak icin kesme enerjisi degeri saptanmalidir. Bu ¢alismada
asagidaki grafikler sonucu her iki yaklagim altinda da kesme enerjisi degeri 30 Hartree olarak

saptanmigtir.
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Sekil 2.1. Toplam enerjinin kesme enerjisine gére GGA yaklasimi altindaki degisimi.
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Sekil 2.2. Toplam enerjinin kesme enerjisine gére LDA yaklasimi altindaki degisimi.
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2.2.2. K-noktalarinin sayisi

Yine yapilan hesaplamalarda k-noktalari iizerinden integraller alinmaktadir.
Milyonlarca k-noktasi oldugu igin yine bu durum hesaplamalar1 i¢inden ¢ikilmaz bir hale
getirmektedir. Bu nedenle Monkhorst ve Pack (Monkhorst-Pack, 1976) kristallerin simetri
Ozelliklerinden yararlanarak bir metod gelistirmislerdir. Bu metoda gore tiim k-noktalarini
hesaba katmak yerine farkli simetri 6zelliklerine sahip k noktalar1 saptanip onlar1 isleme
almak oldukga kolaylik saglar. Ciinkii bir k noktas1 yakin konsulugundaki digerleriyle ayni
ozelliklere sahiptir bunlarin tektek hesaplanmasi yerine i¢lerinden bir tanesi temsilci gibi
secilip kullanildiginda ve sadece bu sekilde farkli 6zelliktekiler ele alindiginda islemler
oldukca kolaylasir. Bunun i¢in 6ncelikle birim hiicre x, y ve dogrultularinda esit parcalara
ayrilir. Bu pargalar ne karad ¢ok olursa hesaplama daha hassas olur ancak bir yerden sonra

arttirmanin bir yarari olmayacagindan uygun bir boliimleme yapilmalidir.
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Sekil 2.3. Toplam enerjiye karsilik Monkhorst-Pack bolimlemeleri (GGA yaklasimi altinda).
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Sekil 2.4. Toplam enerjiye karsilik Monkhorst-Pack boliimlemeleri (LDA yaklasimi altinda).

Bu calismada 10x10x10 Monkhorst-Pack boliimlemesi ile 35 k nokrati hesaba

katilmistir.

2.2.3. Hacim optimizasyonu

Hacim optimizasyonu ile LiPaOskristalinin kararli durumdaki toplam enerjisi ve 6rgii
parametreleri bulunmustur. Ayrica bu kristalin toplam enerjiye karsilik hacim ve basing

degisimleri ile basinca karsilik hacim degisimleri her iki yaklasim altinda elde edilmistir.
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Sekil 2.5. LiPaOs kristalinin GGA yaklasimi altinda toplam enerjiye karsilik hacim grafigi.

Toplam enerjiye karsilik hacim grafiklerinin minimum noktasi kristalin kararli

durumuna karsilik gelir.
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Sekil 2.6. LiPaOs kristalinin LDA yaklagimi altinda toplam enerjiye karsilik hacim grafigi.
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Sekil 2.7. LiPaOs kristalinin GGA yaklasimi altinda toplam enerjiye karsilik basing grafigi.
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Sekil 2.8. LiPaOs kristalinin LDA yaklasimi altinda toplam enerjiye karsilik basing grafigi.
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Sekil 2.9. LiPaOs kristalinin GGA yaklasimi altinda basinca karsilik hacim grafigi.
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Sekil 2.10. LiPaOs kristalinin LDA yaklagimi altinda basinca karsilik hacim grafigi.

Basinca karsilik hacim grafiklerinden bu iki niceligin ters orantili oldugu

gorilmiistiir.
2.2.4. LiPaOs kristalinin 6rgi parametreleri

Bu calismada hacim optimizasyonu ile hesaplanan orgii parametresi GGA yaklasimi
altinda 8.9052 Bohr ve LDA yaklagimi altinda ise 8.7440 Bohr bulunmustur. Literatiirdeki
orgii parametresi degeri ise 8.8003 Bohr’dur.

Asagida toplam enerjiye karsilik 6rgii parametreleri grafikleri hem GGA hem de LDA

yaklagimlari altinda verilmistir.
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Sekil 2.11. LiPaOs kristalinin GGA yaklagimi altinda taplam enerjiye karsilik orgii
parametresi.
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Sekil 2.12. LiPaOs kristalinin GGA yaklagimi altinda taplam enerjiye karsilik oOrgi
parametresi.
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2.3. LiPaOs Kristalinin Elektronik Ozellikleri

Burada LiPaOs kristalinin elektronik 6zelliklerini hesapladik. Bunun igin elektronik
band yapisimi I'— X — M — ' — R — X yiiksek simetri noktalarina gore elde ettik. Ardindan

durum yogunluklar1 ve kismi durum yogunluklarini her iki yaklagim altinda elde ettik.

2.3.1. Elektronik band yapis1

LiPaO3 kristalinin elektronik band yapisimi GGA ve LDA yaklagimlar altinda
hesaplay1p grafiklerini ¢izdirdik. Bu grafiklerden yasak band araligit GGA icin 2.10 eV LDA
icin ise 2.19 eV olarak bulundu. LiPaOs kristalinin dogrudan gegise sahip bir yariiletken

oldugu goriilmiistiir.
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Sekil 2.13. LiPaOs kristalinin GGA yaklasimi altindaki elektronik band yapis1 grafigi.
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Sekil 2.14. LiPaOs kristalinin LDA yaklasimi altindaki elektronik band yapisi grafigi.

Band grafiklerindeki enerji aralig1 oldukca fazla oldugundan ve kor elektronlara ait
band degerlerinin oldukga diisiik enerji degerine sahip olmalarindan dolay1 iletim ve degerlik
bandlar1 bu grafiklerde yeterince net goriilemedigi i¢in, asagidaki grafiklerde elektronik band

grafikleri her iki yaklasim icin -4 ile 6 eV deger araliginda gosterilmektedir.
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Sekil 2.15. LiPaOg kristalinin GGA yaklasimi altindaki elektronik band yapisinin -4 ile 6
eV araligindaki grafigi.
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Sekil 2.16. LiPaOs kristalinin LDA yaklasimi altindaki elektronik band yapisinin -4 ile 6 eV
araligindaki grafigi.
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2.3.2. Durum yogunluklar1 (DOS)

Ardindan LiPaOs kristaline ait durum yogunluklart her iki yaklagim igin hesaplanmis
ve asagida verildigi gibi ¢izdirilmistir. Bu grafiklerin elektronik band yapisi grafikleri ile

uyum i¢inde olduklar1 goriilmektedir.

1000

800
o)
E
2 600
b
o
: T
5:/ 400 |
S 200 M
O 200+

0 1 T T

-15 -10 -5 0 5
Energy (eV)

Sekil 2.17. LiPaOg kristalinin GGA yakalsimi altindaki durum yogunlugu grafigi.
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Sekil 2.18. LiPaOs kristalinin LDA yakalsimi altindaki durum yogunlugu grafigi.

2.3.3. Kismi durum yogunluklari (PDOS)

LiPaOs kristalini meydana getiren farkli atom gruplarinin durum yogunluguna
katkisina kismi durum yogunluklari denir. Burada Li, Pa, O(1), O(2) ve O(3) atomlarinin ayr1

ayr1 kismi, durum yogunluklart her iki yaklasim i¢inde hesaplanmuistir.
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Sekil 2.19. Li atomunun (a) GGA ve (b) LDA altindaki kismi durum yogunluklari.

Li atomunun katkis1 agirlikli olarak iletim bandindan s durumu ile gelmektedir.
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Sekil 2.20. Pa atomunun (a) GGA ve (b) LDA altindaki kismi durum yogunluklari.

Pa atomunun katkisi ise agirlikli olarak iletim bandindan olmasinin yaninda degerlik
bandina da az da olsa katkisi bulunmaktadir. Tiim bu katkilar f durumu tarafindan
gelmektedir.

O(1) O(2) ve O3) atomlarindan gelen katkilar hemen hemen benzerdir. Kor
elektronlardan gelen katki s durumundan, iletim bandindan gelen katki ise p durumundan

olusmaktadir.
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Sekil 2.21. O(1), O(2) ve O(3) atomlarinin GGA ve LDA altindaki kismi durum yogunluklart.

2.4. LiPaOs Kristalinin Optik Ozellikleri

Calismanin bu asamasinda ilk olarak kompleks dielektrik fonksiyonu,

fonksiyonun reel ve sanal bilesenleri GGA ve LDA yaklagimlar1 altinda hesaplanmustir.

bu
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Sekil 2.22. LiPaOs kristalinin kompleks dielektrik fonksiyonunun GGA yaklagimdaki (a)

reel ve (b) sanal bilesenleri.
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Sekil 2.23. LiPaO3 kristalinin kompleks dielektrik fonksiyonunun LDA yaklasimdaki (a)

reel ve (b) sanal bilesenleri.
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LiPaO3 kristalinin GGA yaklagimi altindaki (2) Yansitma, (b) Kirilma indisi, (¢)
S6nlm katsayisi, (d) Birim hiicre basina etkin degerlik elektron sayisi, (e) Yiizey
icin enerji kayip fonksiyonu ve (f) Hacim i¢in enerji kayip fonksiyonu.
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Sekil 2.25. LiPaOs kristalinin LDA yaklagimi altindaki (a) Yansitma, (b) Kirilma indisi, (¢)
SOnUm katsayisi, (d) Birim hiicre basina etkin degerlik elektron sayisi, (e) Yiizey
icin enerji kayip fonksiyonu ve (f) Hacim i¢in enerji kayip fonksiyonu.
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2.5. LiPaOs Kristalinin Elastik Ozellikleri

Burada ilk olarak LiPaOs kristalinin elastik sertlik katsayilarini hesapladik. Elastik
sertlik katsayilar1 aslinda ranki 4 olan tensorlerdir (Cyj;) ama matris notasyonu (Nye, 1985)
kullanarak bu degerleri iki indise indirgeyebiliriz (C,,,). Ancak C,,,, degerleri bu halleriyle
rank1 iki olan tensor degildirler. Sadece ilk durumda 81 tane bilesenden 36 bilesene
indirgenmislerdir. Bu 36 bilesenden 21 tanesi bagimsiz bilesendir. Bazi kristal siniflarinda
bu say1 simetri 6zelliklerine bagli olarak daha da diiser. Kiibik yapida bu say1 sadece tgtiir
ve bunlar C11 (= €5 = (C33), C12 (= Ci3 = €y = Cy3 = C31 = C3;) Ve Cas (= Cs5 = Cgp)
dir (Cizelge 2.1).

Cizelge 2.1. LiPaOs kristalinin GGA ve LDA yaklasimlari altinda elastik sertlik katsayilari.

Elastik Sertlik Katsayilari GGA (GPa) LDA (GPa)
Cu 380.72 469.50
Ci2 27.83 33.81
Cus 20.87 20.59

Cizelge 2.2. LiPaOs kristalinin GGA ve LDa yaklagimlari altindaki bazi1 elastic 6zellikleri.

Elastik Ozellikler Sembol (Birim) GGA LDA
Voigt Bulk Modulu Bv (GPa) 145.43 179.013
Reuss Bulk Modiili Br (GPa) 145.43 179.016
Hill Bulk Moduli Bh (GPa) 145.43 179.015
Voight Shear Modiili Gv (GPa) 83.10 99.491
Reuss Shear Mdult Gr (GPa) 32.31 32.338
Hill Shear Modiili GH (GPa) 57.71 65.915
Young Modiilii E (GPa) 152.89 176.127
Poisson Orani V() 0.33 0.336

Esneklik Sabiti K=Bvrn/GvrH (-) 2.52 2.716

Debye Sicakligt 6, 132.93 142.282
Zener Anizotropi Faktori A(-) 0.12 0.09

Elastik sertlik katsayilarin1 kullanarak, Bulk, Shear ve Young modiilleri ile Poisson
orani, esneklik katsayisi, Debye sicakligi ve Zener anizotropi faktdri GGA ve LDA
yaklagimlari altinda hesaplanmistir. Elde edilen sonuglar 1s18inda LiPaOg kristalinin mekanik

olarak kararli oldugu ve esnek bir yapiya sahip oldugu anlasilmistir.
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3. SONUC

Bu ¢alismada, LiPaOs kristalinin fiziksel ozelliklerini Genellestirilmis Gradyan ve
Yerel Yogunluk Yaklagimlari altinda Yogunluk Fonksiyonel Teorisini kullanarak arastirdik.
Calismamiz boyunca ABINIT bilgisayar programini kullandik. Ayrica birim hiicre ¢izimi,
bag ve bag uzunlugu hesaplamalari i¢cin Vesta bilgisayar programi kullanilmistir.

Oncelikle kesme enerjisi ve k noktasi optimizasyonlarmi gerceklestirdik. Bu
degerlere karar verdikten sonra hacim optimizasyonu yaptik. Hacim optimizasyonu bize
toplam enerji-hacim, toplam enerji-basing ve basing-hacim degisiklikleri arasindaki iligkileri
verdi. Ayrica Orgii parametresini her iki yaklasimda da hesapladik. Hesaplanan o6rgii
parametre degerlerimiz literatiirden elde ettigimiz degere ¢ok yakindir.

LiPaOg3 kristalinin yapisal 6zelliklerini anlamak icin toplam enerji - hacim, toplam
enerji - basing, toplam enerji - 6rgli parametresi ve hacim - basing grafiklerini ¢izdik. Ayrica,
bu kristalin perovskit yapisinin agik¢a goriilebildigi LiPaOs kristalinin birim hiicre yapisini
da cizdik. LiPaO3 kristalinin yapisal 6zellikleri arastirilirken, baglar ve bag uzunluklar1 da
Vesta programi ile hesaplanmustir.

Elektronik 6zelliklerinin aragtiritlmasinda, GGA ve LDA yaklagimlari altinda LiPaO3
kristalinin elektronik bant yapisi, durum yogunlugu ve kismi durum yogunluklari
hesaplanmis ve c¢izilmistir. Bu hesaplamalardan, bu malzemenin dogrudan gecisli bir yari
iletken oldugu goriilmistiir. Durum yogunlugu grafikleri, elektronik bant yapis1 grafikleriyle
uyumludur. Kismi durum yogunluklari grafiklerinin toplami, LiPaOs kristalinin durumlarinin
yogunlugunu vermektedir.

Daha sonra LiPaOsz kristalinin optik 6zelliklerini arastirdik. Kompleks dielektrik
fonksiyonu ve yansima, kirilma indisi, sonUm katsayisi, birim hiicre basina etkin degerlik
elektron sayisi, ylizey i¢in enerji kayb1 fonksiyonu ve hacim i¢in enerji kayb1 fonksiyonu gibi
baz1 optik Ozellikleri GGA ve LDA yaklasimlari altinda hesapladik. Hesaplanan optik
oOzellikler birbiriyle uyumlu sonuglar vermistir.

Son olarak LiPaOs’iin elastik 6zelliklerine odaklandik. Elastik sertlik sabitlerini

hesapladik. Bu sabitlerin yardimiyla Bulk, Shear, Young modiilii ve diger bazi elastik
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sabitleri elde ettik. Bu kristalin mekanik olarak kararli oldugunu ve elastik bir malzeme
oldugunu fark ettik.

Arastirmamiza gore bu calismada inceledigimiz konular hakkinda LiPaOs hakkinda
daha oOnce yapilmis bir calisma bulunmamaktadir. Bu nedenle sonuglarimizi Orgu
parametreleri disinda literatiirle karsilastiramadik. Ancak tez ¢alismamizda yaptigimiz tim
hesaplamalarda sonuglarimizin birbiriyle uyumlu oldugunu goérmekteyiz. Bu nedenle

calismamizin LiPaOz3 kristali ile ilgili yeni ¢alismalara 1s1k tutacagina inaniyoruz.
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