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ABSTRACT 

AB INITO CALCULATIONS ON PHYSICAL PROPERTIES OF CaB2 
IN AlB2 STRUCTURE 

MSC THESIS 
NABEEL IBRAHIM AHMED AHMED 

BOLU ABANT IZZET BAYSAL UNIVERSITY  
INSTITUTE OF GRADUATE STUDIES 

DEPARTMENT OF PHYSICS 
SUPERVISOR: PROF. DR. CIHAN PARLAK) 

 
BOLU, DECEMBER 2022 

 (XV + 52)  
 
 

We have studied in this thesis on the physical properties of CaB2, in the AlB2 
structure. It is crucial to use first-principles calculation methods to determine the 
fundamental properties of materials as precise electronic and lattice dynamical 
features. By using the Density Functional Perturbation Theory (DFPT), elastic 
constants, phonon frequencies, and electron-phonon coupling (epc) properties of 
CaB2 material, which are crucial for superconducting (SC) behaviour are 
calculated in this study. Also, we have used in all calculations both General 
Gradient Approximation (GGA) and Local Density Approximation (LDA), with 
a plane wave basis set. We have reported detailed calculation of the material's 
bulk modulus, bond lengths, and lattice constans. We calculated the topologies 
of the Fermi surfaces, the electron density of states, and compared them with 
MgB2, an important superconductor in AlB2 sturucture, discovered earlier in this 
regard. 
 
Basic mechanical properties were calculated with the aid of elastic constants, 
such as Poisson's ratio, Young's modulus, Debye temperatures, etc. It was 
investigated whether there is a relationship between the determined parameters 
of the CaB2 material and its superconducting properties. Calculations showed 
that phonon structures and electronic band structures have a close relationship 
with superconducting properties. The critical superconducting transition 
temperature (TC) value is discovered to be 24.71/22.75 K (in GGA and LDA, 
respectively), using the Allen-Dynes.modified McMillan formulations. 
 
 
 
KEYWORDS: Hexagonal CaB2, Superconductivity, Ab inito calculations, 
Elastic properties, Electronic band structure, Electron-Phonon coupling. 
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 ÖZET 

AB INITO CALCULATIONS ON PHYSICAL PROPERTIES OF CaB2 IN 
AlB2 STRUCTURE 

YÜKSEK LİSANS TEZİ 
NABEEL IBRAHIM AHMED AHMED 

BOLU ABANT İZZET BAYSAL ÜNİVERSİTESİ 
LİSANSÜSTÜ EĞİTİM ENSTİTÜSÜ 

FIZIK ANABİLİM DALI 
 

(TEZ DANIŞMANI: PROF. DR. CIHAN PARLAK) 

BOLU, EKİM - 2022 
 (XV+52) 

 
Bu tezde, AlB2 yapısındaki CaB2'nin fiziksel özellikleri üzerinde çalıştık. Hassas 
elektronik ve örgü dinamiği özellikleri gibi malzemelerin temel özelliklerini 
belirlemek için temel ilkeler hesaplama yöntemlerini kullanmak çok önemlidir. Bu 
çalışmada, CaB2 malzemesinin süperiletkenlik davranışı için çok önemli olan 
elastik sabitleri, fonon frekansları ve elektron-fonon eşleşme özellikleri Yoğunluk 
Fonksiyonel Pertürbasyon Teorisi (YFPT) kullanılarak hesaplanmıştır. Ayrıca tüm 
hesaplamalarda hem Genel Gradyan Yaklaşımını (GGY) hem de Yerel Yoğunluk 
Yaklaşımını (YYY) bir düzlem dalga temel seti ile kullanıldı. Malzemenin bulk 
modülü, bağ uzunlukları ve örgü sabitlerini ayrintılı olarak rapor ettik. Fermi yüzey 
topolojilerini, elektron durum yoğunluğunu hesapladık ve bunları daha önce 
keşfedilen AlB2 yapısında önemli bir süperiletken olan MgB2 ile karşılaştırdık. 
 
Elastik sabitler yardımıyla Poisson oranı, Young modülü, Debye sıcaklıkları gibi 
temel mekanik özellikler hesaplandı. CaB2 malzemesinin belirlenen parametreleri 
ile süperiletkenlik özellikleri arasında bir ilişki olup olmadığı araştırıldı. 
Hesaplamalar, fonon yapılarının ve elektronik bant yapılarının süperiletken 
özelliklerle yakın bir ilişkisi olduğunu göstermiştir. Allen-Dynes modifiye 
McMillan formülasyonları kullanılarak kritik süperiletken geçiş sıcaklığı değerinin 
24.71/22.75 K (sırasıyla GGA ve LDA'da) olduğu bulundu. 
 

ANAHTAR KELİMELER: Altıgen CaB2, Süperiletkenlik, Ab into hesaplamalar, 
Elastik özellikler, Elektronik bant yapısı, Elektron-Fonon eşleşmesi.   
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1. INTRODUCTION 

AlB2 compound consists mainly of a simple form of only two elements, 

aluminum and bromine, and this compound is prepared from a direct interaction 

between the two elements in the presence of two main factors, namely, the vacuum 

and a temperature close to 800°C, and this compound is in the form of crystals with 

simple cubic (1). 

                                             Al + B2 → AlB2 

AlB2- type materials have gained lots of attention from scientists with 

discovery of superconducting (SC) phenomena in the layered structure MgB2 (39 

K (2)). AlB2-type structures dominate many current studies due to their better 

distinctive characteristics, including the electron-phonon (ep) pairing process (3) 

and electronic, SC and lattice dynamical properties (4). MgB2 is an inorganic 

chemical compound that is found in nature in the form of a dark gray solid, it is an 

insoluble compound in water. It is of interest for many low-cost superconductivity 

applications (5). 

The relatively high critical temperatures of the superconductor created an 

impossible challenge to its widespread adoption even when it showed considerable 

practical promise(6). The scientific community now views all AlB2-type layered 

materials as being of utmost importance due to the finding of the superconducting 

MgB2 molecule. In addition, several different alloys with high TC, including 

alkaline-earth intercalated graphite's, share its hexagonal layered structure. Because 

they are comparable to MgB2 superconducting material, hexagonal stacked 

materials with distinctive physical properties are of particular interest to 

researchers. 

Our reason for choosing the CaB2 material was that we thought CaB2 would 

show a superconducting transition temperature like MgB2, although it has not yet 

been synthesized. Although not experimentally observed, CaB2 has been the subject 

of some theoretical studies (7) (8) (9) (10). We think that the main reason why AlB2 

phase was not obtained may be the predominance of the CaB6 phase during the 

synthesis.  
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Choi et. al. (7) calculated lattice properties and superconducting 

characteristics of a hypothetical simple hexagonal CaB2. They determined the 

specific heat, the Fermi surface superconducting energy gap, and superconducting 

transition temperature (TC = 50.46° K) and compare them to the relevant MgB2 

parameters.  

H.B. Ozisik et.al.(8) they studied have investigated the elastic, mechanical, 

and lattice dynamical characteristics of BeB2, NaB2, and CaB2 compounds in AlB2, 

OsB2, and ReB2 structures related to density functional theory. Exchange-

correlation model has been utilized with generalized gradient approximation 

(GGA). Elastic constants, shear modulus, Bulk modulus, and Young modulus, 

additional factors include Poisson ratio, Debye temperature, sound velocities, and 

anisotropic factor calculated and discussed. Related phonon dispersion curves and 

DOS there is shown. 

Shein et.al. (9) studied 18 hexagonal AlB2-like diborides of s, p, and d metals 

subjected to FP-LAPW-GGA calculations to determine the systematic patterns for 

elastic characteristics. They reported the stable ones (MgB2, AlB2, ScB2, YB2, TiB2, 

ZrB2, HfB2, VB2, NbB2, TaB2 and CrB2), the metastable ones (MoB2, and WB2), 

and speculative stages (NaB2, BeB2, CaB2, AgB2 and AuB2). They discovered a 

collection of fundamental elastic properties of the   MB 2 -like ceramics as Bulk 

moduli (B), shear moduli (G), and Poisson ratio (ν) etc. 

In this study, DFT, which has been extremely popular in materials science 

in the last two decades, is used DFT, described by explaining the electronic ground-

state of a solid, typically, the total energy and electron density, is utilized to convert 

the many-body electron problem into a one-electron problem. From the total 

energy, many interesting Bulk physical of the material can be discovered by having 

some structural factors (11). 

large category of alloys with high TC shares the hexagonal layered structure, 

including ternary metallic materials and alkaline-earth intercalated graphite (10). 

MAB (M= Ca, Sr, Ba; A= Al, Ga, in; B = Si, Ge, Sn) materials. All the stacked 

hexagonal materials, each with a distinct physical property characteristic are seen 

to be a fascinating study topic because of their similarity to SC metal (MgB2) (4). 

Because similarity of AlB2 type CaB2 and MgB2, it's finding their SC qualities is an 
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intriguing area of research. This study aims to examine all characteristics of the 

CaB2 structure, including elastic properties, superconducting behavior, and 

electronic band structures, as well as to investigate its detailed basic physical 

features of it. 

 Computational superconductivity gets dense attention because of recent 

notable developments in first principles calculations that have successfully led to 

several prospective future discoveries. This method's novel benefit is that it 

dispenses with costly tests and enables the creation of superconducting materials 

and calculating and finding their outcomes. For the discovery of new 

superconductors computational superconductivity is a highly effective tool Ref. (6). 

  The plan of this thesis is as follows: in the introduction part of this study, a 

brief presentation was made about why we chose the CaB2 material as the study 

subject and the methods used in this study and the results to be obtained. In chapter 

two shows a concise information about the theoretical approaches used in this study.  

We have used the definition of computational physics, as well as discussed about 

superconductivity and its relationship to DFT, moreover, provided a brief 

explanation of DFT core concepts in context of pseudopotential plane-wave 

implementation. Regarding chapter three, the calculations discussed in this study 

and previous calculations are given. In this section, electronic structures, phonon 

structures and superconducting properties are discussed in detail. The thesis end 

with a brief overview of the results in Chapter four.  
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2. THEORETICAL BACKGROUND 

In this chapter we first define superconductivity (SC), we mentioned the 

most important elements in SC, and we talked about the most important applications 

of SC. In the next part, we spoke about computational physics, and density 

functional theory, and explained its mechanisms. We also talked about 

computational superconductivity, as we mentioned the equations related to our 

study. 

2.1 Superconductivity  
 

 It is the ability of some materials to transfer electricity with essentially no 

known resistance. This ability has intriguing and maybe beneficial ramifications. 

Generally, low temperatures are necessary for a material to exhibit superconductor 

behavior.   

The first instance of SC was discovered in 1911 by Dutch scientist H. K. 

Onnes. The temperature of liquid helium, 4° K , was used in his experiment with 

elemental mercury. The perfect material one that can superconduct at ambient 

temperature remains elusive, however, certain compounds have since been created 

to function as superconductors at higher temperatures. 

The detection of room-temperature SC is one of the long-standing problems 

in experimental physics (12). A material that shows operating temperatures above 

0 °C (273 K, 32 °F) for SC, or temperatures that are readily attained and sustained 

in an everyday setting, is known as a room-temperature superconductor. Heavily 

compressed carbon sulfur hydride has the highest allowable temperature for SC as 

of 2020. With a crucial transition temperature of +15°C at 267 GPa (13). 

  Physics was significantly impacted by the 1986 discovery that a copper oxide 

compound could superconduct at a temperature greater than any material at the 

time. The material, created by chemically doping the oxide La2CuO4, showed SC 

at about 30 K, according to reports by George Bednorz and Karl Muller (14). 

 The conductor is niobium-titanium (NbTi), which is superconductive below 

9.4 °K. utilized in almost every modern superconducting MR scanner. Each wire 

consists of many NbTi microfilaments enclosed in a copper core. the tiny 
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microfilaments are supported and protected by the copper core, which also serves 

as a low resistance channel for big currents in the case that SC is lost. Due to its 

significantly higher transition temperature (39°K), MgB2 is a unique 

superconducting material that is increasingly being employed in scanners and other 

magnetic devices. 

 With the invention of MRI equipment, superconductors have already profou

ndly altered the field of medicine and resulted in a decline in exploratory surgery. 

Superconductors are utilized to create incredibly strong electromagnets that rapidly 

accelerate charged particles (close to the speed of light). also, superconducting 

Quantum Interference Devices. they aid in the detonation of land mines by being 

utilized in mine detecting devices. The superconducting single-photon detector, 

superconducting tunnel junction detector, superconducting strain gauge, and kinetic 

induction detectors are only a few of the high sensitivity particle detectors that 

utilize them. Scientific magnets with a high field also employ superconductors. 

without the need for rockets, satellites may be launched into orbit from the Earth 

using superconducting magnetic propulsion systems. Superconducting magnets 

may be utilized to construct high-efficiency separators that can be used to separate 

malignant cells from healthy cells utilizing a high-gradient magnetic separation 

technique. A superconducting wire can be utilized for transmission lines since the 

current can pass through it without changing in size. 

Other superconductor-related effects Finding superconductors that work at 

temperatures far higher than those now known will depend on technology, or on 

finding less expensive means to achieve the extremely low temperatures currently 

required to make them function. By using a wind-and-react technique, helical 

windings of Fe-sheathed MgB2 wires of various diameters were created. The 

powder-in-tube (PIT) technique and ultra-fine starting precursors were used to 

create wires with a 1 mm2 cross-section and a 20% superconductor core (5).  
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2.2 Computational Physics 
 

Computational physics is a discipline of theoretical physics that is primarily 

centered on the study and application of algorithms to physical issues based on 

scientifically proven physics. Where it implements numerical analysis to solve 

problems in physics that are related to complex quantum theories, and it saves us 

effort, time, and cost. Finite element techniques, Boltzmann network simulations, 

DFT, quantum particle dynamics, Monte Carlo simulations, and the title of one-

dimensional quantum systems have all received new sections. But what concerns 

us in this post is DFT.  

Ab Initio a phrase that means "from ancient or first" and is widely used in 

science It is employed in several contexts, the most significant of which are: In 

chemistry and physics, we may determine from the start if anything depends on the 

fundamental rules of nature without making any additional model-imposed 

assumptions. The values of the basic physical constants are the only starting inputs 

used in these computations (15). 

In general, computational physics difficulties are highly challenging to 

resolve. This is due to several (mathematical) factors, including complexity, chaos, 

and a lack of algebraic or analytical solvability. For instance, it may take a lot of 

labor to create a workable algorithm for even seemingly straightforward issues, 

such as computing the wave function of an electron circling an atom under a strong 

electric field (16). 

Finally, it might be challenging to assure that there are no numerical 

mistakes that become so significant that the "solution" becomes meaningless 

because many physical systems are, at best, chaotic and, at worst, nonlinear (17). 

  



 

7 

2.3 Density function theory (DFT) 
 

It's the most important method used in theoretical physics by which we can 

determine the properties of a multi-particle system in all its details and find the 

system's total energy as well as the electronic density of orbitals, as well as the 

physical and optical parameters of matter), it's one of the most used theories in 

quantum computations, this is due to the ability to be easily applied to various 

systems at low cost and high speed. DFT is utilized often to determine the ground-

state characteristics of atoms, molecules, solids, and other many-electron systems 

(18). 

The difference between DFT and the old traditional methods is that the 

mechanism of these methods depends on its solution to the Schrödinger equation 

for a particular system composed of several atoms, as is the case in the Hartree-

Fock theory and the methods inspired by it on the wave function with 3N variable 

(N represents total number of particles of system) And these are the reasons why 

these equations to be solved are complex and it requires a lot of effort and 

concentration. As for the DFT theory, the calculations are smooth and do not need 

a long time or high effort. 

Based on various theoretical approaches to SC that primarily concentrate on 

the generic description of the phenomena, such as DFT and its expansions. The 

following are some of the usual issues that computational SC addresses:  

1. What characteristics distinguish a certain substance from a lousy SC? 

2. How are its characteristics affected by outside factors like doping, 

pressure, and strain? 

3.  Is it conceivable to develop new materials that outperform current ones 

in terms of their superconducting abilities? 

The most important factor that determines a superconductor's performance for 

large-scale applications is its critical temperature, or TC, so answering the questions 

above calls for the creation of techniques that are precise enough to predict a SC TC 

and its dependence on external factors (6).  
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The main objective of DFT is to replace the wave function with the density 

function that contains three variables to be the basis for all the calculations. For this 

reason, dealing with DFT as a mathematical concept or as a physical concept is 

simplified and easy for researchers. DFT principle is to reformulate quantum 

problems and transform them from a problem into a complex multi-particle system. 

to a simplified one-gross issue. 

When electrons and nuclei interact with one another through coulombic 

(electrostatic) forces, a system is said to be solid. The first finding is that nuclei 

move over time at a far slower rate than electrons do, and their mass is significantly 

more than that of electrons. This discovery can lead to what is known as "adiabatic 

approximation," which is the entanglement of nuclear degrees of freedom. Since 

the nuclei are assumed to be stationary in this approximation, the issue may be split 

into two parts: the problem of electrons and the problem of moving nuclei on a 

potential energy surface. While the answer to the second problem is the crystal's 

vibrational qualities, the first problem's solution would reveal the crystal's 

electronic energy band structure and electronic wave functions (19). 

The total ground state energy might be minimized to calculate the ground 

state density. The ground state density might be calculated by minimizing this 

reduction concerning the single-particle wave function ψi(r) with the orthogonality 

constraint. Total energy at the ground state. This reduction is the only one compared 

to the orthogonality requirement on the single-particle wave function ψi(r). 

< ψiψj >=δij  (1) 

This in turn leads to Cohn-Sham equations. [− 12𝑚𝑒 𝛻2 + 𝑉𝐻(𝑟̅) + 𝑉𝑥𝑐(𝑟̅) + 𝑉𝑒𝑥𝑡(𝑟̅) ] 𝜓𝑖(𝑟̅) = 𝜖𝑖𝑗  𝜓𝑖(𝑟̅)   (2) 

This equation solutions have been used to create charge density: 𝑉𝐻(𝑟̅) = 𝑒2 ∫ 𝑑𝑟̅𝑖 𝑛(𝑟̅𝑖)|𝑟̅− 𝑟̅1| 𝑉    (3) 
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Some of the most accurate tests of the theory of relativity have been made 

using Quantum-mechanical principles, or Hamiltonians, for determining the total 

energy of basic one-atom systems theory, as well as the formulas used to calculate 

the energies of more Complex systems are easy expansions of basic systems of 

these Hamiltonians for the atoms. Therefore, it is Reasonably anticipated quantum 

physics' predictive power. Precisely the total energies of atom groupings and this 

anticipation has so far been confirmed each time. Py repeated experimentation (20). 

 These strategies can help a wide spectrum of scientists, such as chemists, 

biologists, and geophysicists. It is frequently recommended that quantum. The 

primary purpose of mechanics was to describe occurrences on the issue of whether 

atomic scale "What value do computations involving quantum mechanics in a 

science that is unrelated directly with atomic-scale events. Since The interactions 

that make up and determine our reality of the details and fundamentals of atoms and 

molecules the last resting place of the world must be figuring out these 

interconnections. 

 Modern methods for solving the Schrodinger equation precisely determine 

the energy of covalent bonds as well as their polarizabilities, equilibrium lengths, 

and force constants. Physicalists have created many techniques that might be 

utilized to determine many different physical characteristics of elastic constants and 

lattice constants are examples of materials. These techniques, which merely call for 

a description of the ions are typically referred to as (by their atomic number) ab 

initio techniques numerous ab initio techniques used by physicists and chemists 

have been around for over ten years, every Ab initio over the past few years, 

techniques have been improved regularly. 

 The approach could only model few-atom systems. but now, this technique 

can simulate a thousand atoms. Systems and that much is already obvious. 

Expanding the realm of quantum mechanics to the degree that modeling goes, the 

total-energy pseudopotential approach makes a variety of intriguing issues possible. 

computation using quantum mechanics, and the future provide numerous new 

applications for quantum mechanics scientific disciplines More atoms are present 

due to this. It's directly attributable to an increase in processing power of the ab 

initio pseudopotential's effectiveness approach, which implies that more people are 
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using it. class of issues where using it is more cost-effective experiment than 

quantum-mechanical modeling to ascertain systems' physical characteristics (20). 

2.4 Computational Superconductivity 
 

The rapid development and widespread implementation of Ab-initio 

techniques transformed them from helpful tools for interpreting current 

superconductors to reliable forecasting tools for emerging superconductors in less 

than 20 years. The Bardeen-Cooper-Schrieffer (BCS) theory, the most basic 

microscopic theory of SC, describes the superconducting state as a state of 

macroscopic quantum coherence in which electrons pair up into Cooper Pairs with 

opposing spin and momentum and are held together by an attractive glue. This 

adhesive is now referred to as lattice vibrations (phonons). Furthermore, 

diagrammatic theory for interacting electrons and bosons is known as the Migdal-

Eliashberg theory. It's a strong-coupling extension of BCS theory the foundation of 

the theory is the so-called (isotropic) electron-phonon spectral function, and it's 

defined as: 

𝑎2 F (𝜔)= [ 1𝑁(𝐸𝐹) ∑ ⌈ցk1k + q, v ⌉ 𝑘𝑞.𝑣 ]2 𝛿 (𝜀 𝑘𝑛) 𝛿 (𝜀 𝑘+𝑞𝑚 ) 𝛿 (𝜔 − 𝜔𝑞,𝑣)  (4) 

where N(EF ) is the DOS at the Fermi level, ωq,v is the phonon frequency of mode 

ʋ and wave vector q, and ⌈ց, k1k + q, v ⌉  gis the e-ph matrix component at the 

Fermi level between the two electronic states of wave vectors k and k + q. The e-

ph spectral function equation α2f(ω) provides evidence for why SC qualities are 

difficult to anticipate. Are so sensitive to small details of the electronic structure of 

a given material): since in Eq. (1) the phonon spectrum is weighted by the e-ph 

matrix  elements ⌈ց,k+q,v ⌉  , which can be very different for different phonon 

modes, and since the double delta function  𝛿 (𝜀 𝑘𝑛) 𝛿 (𝜀 𝑘+𝑞𝑚 ) just a small portion of 

the whole electronic and photonic spectrum contributes to SC, which limits the sum 

of the e-ph matrix components to electronic states at the Fermi level. 

Understanding and predicting new conventional superconductors 

essentially involves explaining or conceiving materials where electrons and 

phonons are strongly coupled (large ⌈ց, k1k + q, v ⌉), which can be done with a high 

degree of accuracy because all variables that enter the e-ph spectral function can be 
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computed using density functional perturbation theory from the beginning. The 

critical temperature of a material may be calculated to various degrees of 

sophistication if the e-ph spectral function is known. The simplest method uses a 

rough formula for TC; for phonon-mediated superconductors, the McMillan-Allen-

Dynes formula is a popular option. 

The superconducting transition temperature TC has been calculated using Allen-
Dynes modified McMillen equation as 

TC = 
𝜔 𝑙𝑛1.2  [– 1.04 (1+ 𝜆)𝜆− 𝜇∗ ( 1+0.62 𝜆 )]    (5) 

where 𝜔 ln indicates the logarithmic average frequency and μ* is the coulomb 

pseudopotential. The logarithmic average frequency calculated as  

𝜔𝑙𝑛 = exp (2𝜆 ∫ 𝑑𝜔 ∞0 𝛼2𝐹(𝜔)𝜔  𝐼𝑛 𝜔)    (6) 

λ = 2 ∫ 𝑑𝜔 ∞2 𝛼2 𝐹 (𝜔)𝜔    (7) 

is the electron-phonon coupling constant (21). 

 

2.5 The Pseudopotential Approximation 

 

The pseudopotential approximation, first proposed by Hans G. A. Hellmann 

in 1934, is reviewed briefly as one of the most effective theories for computations 

of electronic structures. Recent advances in relativistic quantum theory make it 

possible to accurately adjust pseudopotential parameters to valence spectra, leading 

to results for the properties of atoms, molecules, and the solid state that, if a small-

core definition is used, are in excellent agreement with more precise all-electron 

results. As a result, for systems including heavy elements, the relativistic 

pseudopotential approximation is now the technique that is used the most (22). 
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2.5.1 Local Density Approximation (LDA) 

 

             It approximates foundations according to the homogeneous gas model of 

the electron of which contains the closest concept that is explained by simplifying 

the exchange-correlation energy. However, the electron density of a heterogeneous 

gas can be considered locally homogeneous (23). The electronic density value at 

each location in space is the only factor influencing a set of exchange-correlation 

(XC) procedures for the energy functional in DFT known as LDA. 𝐸𝑋𝐶𝐿𝐷𝐴[𝜌] = ∫ 𝜌(𝑟)𝜀𝑋𝐶(𝜌(𝑟))𝑑𝑟  (8) 

where ρ is the electronic density and εxc is the exchange-correlation energy per 

particle of a homogeneous electron gas of charge density ρ. The exchange-

correlation energy is decomposed into exchange and correlation terms linearly. Ex 

is the electron exchange term and Ec is the electron correlation term. How one 

electron in an atom interacts with another is the subject of the electron correlation 

concept. The word "electron exchange" refers to the transfer of fermionic and 

bosonic electrons. 

2.5.2 General Gradient Approximation (GGA) 
 

          It is an approximation that takes into consideration gradient-induced 

inhomogeneity of electrical density. In the GGA approximation, which is a 

correction to the LDA approximation, the exchange-correlation energy is linked to 

both the local electron density and the gradient of the electron density (23). Energy 

barriers, structural energy differences, total energies, atomization energies, and all 

of these tend to improve. Enlargement, fusion, and softening GGA Semiempirical 

GGA can be effective for tiny compounds (18). Results obtained by using the GGA 

functionals for band structure were considerably. 𝐸𝑋𝐶𝐺𝐺𝐴[𝜌(𝑟)] = ∫ 𝜌(𝑟)𝜀𝑋𝐶(𝜌(𝑟), ∇𝜌(𝑟))𝑑𝑟  (9)  
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3. RESULTS 

3.1 Methodology 
 

All the calculations reported in this thesis were obtained by using ABINIT 

package (24). Which is an implementation of density functional theory (DFT) and 

uses a plane-wave basis for representing electronic wavefunctions. We used both 

local density approximation (LDA) and general gradient approximation (GGA) 

exchange correlation energy when doing all our calculations. The electron–ion 

interactions are accounted for by using norm conserving optimized pseudo-

potentials produced by means of Opium code for LDA-Exc (25). The valence 

configurations for the construction of pseudopotentials are chosen as Ca 

(3s23p63d04s0), B (2s22p1.2). The GGA pseudo potentials taken from PseusoDojo 

project (26). 

As is known, the calculation of vibrational properties and superconducting 

properties requires well converged total energies with regard to the influence of 

different K-point sampling and plane-wave cut-off energy. Thus, a series of test 

calculations are performed to find meV level convergence as can be seen in 

Table3.1.-Table3.4., Fig.3.1.-Fig.3.4. for LDA and GGA exchange-correlation. It 

is found that 40 Ha cut-off energy and 16x16x16 k-grid are required to achieve 

convergence at the meV level. 

Table 3.1. Dependence of total energy on energy cut-off and energy 

differences for GGA-Exc. 

Energy Cut-off (Ha) Total Energy (Ha) |ΔE| (eV) 
25 −44.6075469 - 

30 −44.6109656 0.09298860 

35 −44.6115974 0.01718496 

40 −44.6116898 0.00251328 

45 −44.6116976 0.00021216 
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Figure 3.1. Differences in total energy for between Cut-off energy 

25,30,35,40, and 45 Hartree (The data given in Table 3.1.).   

 

Table 3.2 Dependence of total energy on k-grid and energy differences for 

GGA-Exc. 

k-grid Total Energy (Ha) |ΔE| (eV) 
10x10x10 −44.6116288 - 

12x12x12 −44.6116492 0.0005553 

14x14x14 −44.6117097 0.0016432 

16x16x16 −44.6116898 0.0005411 

18x18x18 −44.6116823 0.0002048 

 

 

Figure 3.2. Difference in total energy for between k-grid 10x10x10, 12x12x12, 

14x14x14, 16x16x16, and 18x18x18. (The data given in Table 3.2.). 
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Table 3.3. Dependence of total energy on energy cut-off and energy differences for 

for LDA-Exc. 

Energy Cut-off (Ha) Total Energy (Ha) |ΔE| (eV) 
25 −42.4541813 - 

30 −42.4544578 0.0075208 

35 −42.4544982 0.0010989 

40 −42.4545434 0.0012294 

45 −42.4545667 0.0006338 

 

 

Figure 3.3. Total Energy difference for between cut-off energies 

25,30,35,40 and 45 Hartree.  (The data given in Table 3.3.).  

 

Table 3.4. Dependence of total energy on k-grid and energy differences for 

LDA-Exc. 

k-grid Total Energy (Ha) |ΔE| (eV) 
10x10x10 −42.4544928 - 

12x12x12 −42.4545131 0.0005536 

14x14x14 −42.4545665 0.0014489 

16x16x16 −42.4545434 0.0006262 

18x18x18 −42.4545387 0.0001299 
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Figure 3.4. Total Energy difference for between k-grid 10x10x10, 

12x12x12, 14x14x14, 16x16x16, and 18x18x18. (The data given in Table 

3.4.).  
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3.2 Atomic Structure and Lattice Properties 
 

Hypothetical AlB2-type CaB2, crystal has a well-known structure and 

composition (space group no: 191, P6/mmm, Z=1) (4). This structure is given in 

Fig. 3.5 and Fig.3.6, the B atoms are located at a hexagonal lattice between the Ca 

atoms layers. The boron atoms are arranged in hexagonal corners, with three boron 

atoms in each plane. The Ca atoms, on the other hand, are positioned in the center 

of each boron hexagon, but in the middle of consecutive boron layers, with each Ca 

atom having 12 nearest-neighbor B atoms and six nearest-neighbor in-plane Ca 

atoms (7). CaB2 has the exact same symmetry as MgB2, with one Ca and two B 

atoms in each unit cell. 

 

Figure 3.5. CaB2 lattice structure, view from the xy-plane, green color 

represents B atoms, the blue color represents Ca atoms. 

Wyckoff position is defined as a point belonging to a group of crystals that 

represents the position symmetry groups associated with the space group, where 

Wyckoff's positions give us the locations of the different space groups by which we 

can find any position relative to any point in a unit cell, Wyckoff position is defined 

as a point belonging to a group of crystal that represents the position symmetry 

groups associated with the space group, points were also utilized for compounds 

Ca-1a (0,0,0) and B-2d (1/3,2/3,1/2) (27). 
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Figure 3.6. View of the CaB2 lattice structure from the top. 

 

Our calculated lattice parameters are given in Table 3.5. We found the 

values of a and c lattice parameters (3.171 Å, 4.003 Å (LDA)) which are completely 

identical to the values of a and c parameters of Ref. (28). On the other hand, the 

values of lattice constants a = 3.217 Å and c = 4.071 Å in GGA-Exc. Are in good 

agreement with the a and c values given in Ref. (29), (8), (30), (31), (7). We noticed 

that the values of a and c reduce while changing from GGA to LDA. In general, the 

optimized lattice constants are estimated to be slightly smaller than the 

experimental ones because of the usual LDA-over binding effect. 
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Table 3.5. Structural parameters (in Å), Bulk Modulus (Bo in GPa), pressure 

derivative of bulk modulus (B’) and bond distance values (d in Å) of CaB2. 

Lat. Param. This Work (29) (8) (9) (28) (30) (31) (7) 

L
D

A
 a 3.171    3.183   3.185 

c 4.003    4.001   4.060 

G
G

A
 a 3.217 3.226 3.241 3.191  3.205 3.264  

c 4.071 4.067 4.099 4.051  3.974 4.137  

L
D

A
 

d B-B 

dB-Ca 

dCa-Ca 

1.831 

2.713 

3.171 

     

 

     

Bo 

B’ 

133.9 

3.78 

  
 141 

 
   

G
G

A
 

d B-B 

dB-Ca 

dCa-Ca 

1.857 

2.756 

3.217 

1.863  

2.758 

3.226 

      

Bo 

B’ 

121.6 

3.78 

121 

 

120.7 

3.487 

122.2 

 

 
 

  

 

 

Our calculated bond length values (in GGA) are also given in Table.3.5. All 

the values given in this section are very compatible with the values given in Ref. 

(29). 

The important mechanical parameter, bulk modulus describes how resistance 
a substance exhibits under pressure. The Vinet EOS (32) can be used to calculate 
bulk modulus: 

E(V)=Eo+9BoVo (e A(1-x) [A-1(1-x)-A-2] +A-2)  (10) 

where Vo is the volume of equilibrium, x= (Vo/V)1/3, Bo is Bulk Modulus, 

 A=
(3𝐵𝑜′−1)2   and 𝐵𝑂′  is pressure derivative of bulk modulus.  
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Figure 3.7.  Total energy difference as a function of cell volume, solid line is 

the fits to the Vinet EOS. 
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Figure 3.8. Total energy difference as a function of cell volume, solid line 

is the fits to the Vinet EOS. 

 

Our calculated Bulk Modulus values from direct fit to a Vinet-EOS to be 

(B=133.9 GPa, B`= 3.780 (LDA) and B=121.6 GPa, B`= 3.783 (GGA)) given in 

Fig.3.7 and Fig.3.8.  The values we calculated in GGA-Exc are very compatible 

with the literature data. There is a difference of 2 GPa between our LDA calculation 

and Ref.(28). This is an acceptable situation that may arise from the calculation 

parameters. 

3.3 Elastic Properties 
 

The widely used method for calculating the elastic constants of any material 

from first principles involves forcing the crystal to deform from its equilibrium 

shape through a series of quaternary deformations, as well as shearing of various 

sizes until the resulting stress can be easily calculated using the quantum 

mechanical definition of stress (15). The link between the components of applied 
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stress and computed stress yields a collection of hyper-defined linear equations that 

can be solved by decomposing a single value to get the elastic stiffness constants 

we want. Hamann et. al. (33)  recently proposed a reduced-coordinate metric tensor 

approach for expressing a linear response to stress-type perturbations that may be 

estimated using density functional perturbation theory (DFPT). The reference 

approach, as implemented in ABINIT, is also used to get the elastic constants 

reported in this study  (25). 

For AlB2- type (hexagonal) compounds, we identified six major components 

of elastic tensor (C11, C12, C13, C33, C44, and C66 arranged in Young notation). Due 

to the material's space group symmetry properties (34), the related matrix is limited 

to six tensor elements. Our recognized Born stability criteria must be met for the 

elastic constants of hexagonal crystals, as well as the constants calculated in this 

message, and meet the following conditions (35): 

C11 > 0, 

C11-C12 > 0, 

(C11 + C12) C33-2 𝐶132  > 0. 

Both LDA and GGA calculations that we make, meet these requirements. 

Mechanical stability is an important parameter for industrial use of a material. 

Calculated elastic constants enable us to obtain the macroscopic mechanical 

parameters of this material, the equations can indeed be calculated with the help of 

prime estimation of Voigt-Reuss-Hill (36), namely the bulk modulus (B), which is 

the precise measurement of how the crystal structure behaves to volume change 

under the applied load, and shear modulus (G), which is the measure of its ability 

of the material to resist transverse deformations. As functions of elastic constants, 

we might determine the Voigt bulk modulus (BV) and the shear modulus (GV): 

     BV= 
19 [2(C11+C12) + 4C13+C33]   (11) 

GV= 
130 (M + 12 C44 + 12 C66]   (12) 

The Reuss bulk modulus (BR) and shear modulus (GR) are both defined as 

BR= 
𝐶2𝑀    (13) 
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GR= 
52 [

𝐶2 𝐶44 𝐶663𝐵𝑉 𝐶44 𝐶66+ 𝐶2 (𝐶44+𝐶66)]   (14) 

where C2 and M given as: 

C2= (C11+C12) C33 – 2𝐶132    (15) 

M=C11+C12+2C33 - 4C13   (16) 

The elastic constant tensor, as well as the bulk and shear moduli, provide 

information on a material's hardness in comparison to other forms of deformation. 

The bulk and shear modulus can perhaps be better determined using average of the 

Reuss and Voigt coefficients: 

B= 
𝐵𝑉+𝐵𝑅2    (17) 

G= 
𝐺𝑉+𝐺𝑅2    (18) 

We can calculate the Young modulus by using equation: 

E= 
9𝐵𝐺 3𝐵+𝐺   (19) 

Table 3.6.  Calculated elastic constants (Cij in GPa). 

Elas.Cons. 
Pre. Work 

(LDA) 
Pre. Work 

(GGA) 
(8) (9) (29) (31) 

C11 296.6 276.2 291.1 237.5 285 269 

C12 63.2 53.5 50.2 97.2 55 65 

C13 46.7 36.7 39.1 34.9 35 38 

C33 290.2 269.5 280.1 289.8 266 269 

C44 102.8 92.7 95.1 96.9 92 93 

C66 116.5 110.1 120.4  115  
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Table 3.7 shows the macroscopic mechanical properties that we can calculate from 

the elastic constants. If we compare the bulk modulus values that we calculated by 

directly fitting the energy (B=133.9 GPa (LDA) and B=121.6 GPa, (GGA) with 

bulk modulus values we obtained from elastic constants (B=132.9 GPa, (LDA) and 

B=119.4 GPa, (GGA), we see that the values calculated for both exchange-

correlation energies are compatible. These values can be seen to be quite low when 

we compare the bulk modulus of MB2 with 161.6 GPa (37). 
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Table 3.7: Bulk (B), shear (G), Young (E) moduli, compressibility (β, in GPa−1), 

Pugh's indices (G/B), Poisson's ratio (υ), Zener anisotropy factor (A), Universal 

elastic anisotropy index (Au), and Vickers hardness (Hυ) in GPa are all calculated. 

Values 
Pre.Work 

(LDA) 

Pre.Work 

(GGA) 
(8) (29) (9) (31) 

 BV 132.9 119.5    121   

GV 112.8 105.2  107   

BR 132.8 119.3  120    

GR 112.1 104.0  105   

B 132.9 119.4  124.2 121 122.2 121 

G 112.5 104.6  110.2 106 111.5  

E 263.2 242.9  255.1  210.7 250 

ʋ 0.1700 0.1610  0.1576 0.16 0.185  

A 0.88 0.83 0.77 0.08 1.22  

G/B 0.84 0.87 0.89  0.91  

Hv 23.1 23.0     

Hv
ŧ 32.4 29.5     

Au 0.03 0.06     

θD 902.8 867.3 894.6    

ŧLouie formulation (38) 

The Zener anisotropy factor (A) can be calculated using the following equation: 

A = 
2𝐶44𝐶11− 𝐶12   (20) 

if the A value is close to 1, elastic isotropy can be said to exist. Our results (0.88, 

0.83) are relatively close to unity. Another isotropy formula for locally isotropic 

single crystals is the universal elastic anisotropy index (Au) given as: 

Au= 5 
𝐺𝑉𝐺𝑅 + 

𝐵𝑉𝐵𝑅 ≥ 0 .  (21) 
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 Au For locally isotropic single crystals, is exactly zero. The single-crystal 

anisotropy's degree is determined by the divergence from zero. (39). Our calculated 

universal elastic anisotropy indexes are Au=0.03 in LDA-Exc. and Au=0.06 in GGA-

Exc. In both calculations, the values are very near zero. The partially different 

results between A and Au may be due to the fact that the Zener anisotropy formula 

contains only 3 elastic constants and restricted information about the other elastic 

constant (4). 

Poisson's ratio (ʋ = 
(3𝐵−2𝐺)2(3𝐵+𝐺)  ) determines whether the material is 

compressible or incompressible. In nature, it ranges from 0 to 0.5 for most 

materials. The threshold value for ductile behavior is ≈0.25. In our calculations, the 

Poisson's ratio was determined to be 0.1700 (LDA) and 0.1610 (GGA). It is seen 

that these values are lower than the Threshold value of 0.25 and this value is very 

close to the value of Ref. (8) that is 0.1576. When we compare it with the value of 

MgB2 (0.19 (40) ), it is seen that the values obtained for CaB2 are slightly lower. In 

addition, Pugh indices, which can be used to describe the ductility or brittleness of 

the material, were calculated in this study. In more detail, the ratio G/B>0.5 is 

directly related to the fragility nature of a material. Pugh indices for CaB2 is 0.84 

for LDA, 0.87 GGA. 

We know that the micro hardness parameter provides well estimation about the 

elastic and permanent plastic deformations of the compounds. And formulated as 

in Chen et. al. (41) micro hardness empirical model: 

Hʋ =2(K2G)0.585 -3  (22) 

and Louie formulation (38): 

Hʋ =0.92 K1.137 G0.708   (23) 

In this study, the the micro hardness parameter is found 23.1, 32.4 (LDA) and 23.0, 

29.5 (GGA) for Chen and Louie formulations respectively. 

The Debye temperature, θD, is one of the distinctive characteristics of solid 

crystal structure that is connected to various physical properties (spatially elastic 

constants), its material can be making it possible to compute the Debye temperature 

as (42):  
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θD= 
ℎ𝑘 [3𝑛4𝜋  𝑁𝐴𝜌𝑀 ]1/3

 - Vm   (24) 

here Vm is average velocity of sound, ℎ shows the Planck’s constant, k illustrates the 

Boltzmann’s constant, NA denotes Avogadro’s number, n is related to number of 

atoms in unit cell when M points out the molecular weight and 𝜌 density. 

When we compare the Debye temperatures for GGA and LDA calculations 

in this study, we found that they differ somewhat. As shown in the table, LDA 

(902.7 K) is higher than GGA (867.3 K). Our GGA results (894.6 K) are 

comparable to the Ref. (8). The Debye temperature of MgB2 is given as 1026.7 K 

(37). CaB2 has a considerably lower Debye temperature than MgB2, indicating that 

MgB2 is more tightly bonded, and harder than CaB2. 

 

3.4 Electronic Band Structures and Fermi Surface Topologies 
 

The electronic band structure and partial density of states are computed in 

this study for the compound CaB2, at the theoretically defined equilibrium geometry 

as in Fig. 3.9 and Fig. 3.10. The SC features of this kind of materials are widely 

known to be caused by the large density of d states around the Fermi level (43). The 

features of Fermi surface are also important for determining the superconducting 

properties of the compounds (44). 

The band structures clearly show metallicity for the CaB2 compound. There 

is no crucial difference between the two calculated band structures for LDA and 

GGA. The valance bands, which start at -10 eV levels, consist of the s levels of 

Boron atoms. As clearly seen in the figures, there are three Fermi level crossing 

bands that mostly consist of B-atoms p state and Ca-atoms d states. As we 
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mentioned before, d levels are important in determining the superconductivity 

properties of such materials (43).  

 

Figure 3.9. CaB2 partial DOS and electronic band structure (LDA).  
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Figure 3.10. CaB2 partial DOS as well as electronic band structure (GGA). 

Previous first-principles calculations predicted that simplicity the hexagonal 

CaB2 must have a unit cell with greater values of a and c. Also, according to first-

principle calculations, the simple hexagonal CaB2 should have a much larger value 

for the density of states at the fermi energy (EF) than MgB2. Both these features are 

because CaB2 has higher TC value than MgB2 (31). 

CaB2 is an attractive candidate for superconductivity. But it has not yet been 

synthesized, nor has it been synthesized on a large scale. It has been studied 

theoretically for SC. Electronic structure of CaB2 polymorphs exhibits well-

localized peaks compared to superconducting MgB2 because of the small lattice 

constant of MgB2. 

The electronic properties of MgB2 are related to the 2p metallic states of B 

atoms in planar lattices, which determines the DOS near the EF (30). As in MgB2, 

the Fermi energy in CaB2 is below top of σ-bands, creating two hole-type 

cylindrical sheets along the Г−A line. While the hole-type sheets are qualitatively 
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close to those of MgB2, the electron-type sheet of the 𝜋-bands in CaB2 is quite 

different in MgB2, the 𝜋 bands are higher than the EF at points M and K, however, 

in CaB2, they are lower than EF. Thus, CaB2 has a single electron-type Fermi surface 

of the bands along the H lines. H – L, and Fermi surface is lost along the K−L line 

present in MgB2. 

The result of strong coupling between the electron and the phonon and Ref. 

(30), explained the behavior of px and y-band holes in negatively charged boron 

planes. Where Ref. (45) confirm an important role for B metal states in the 

appearance of SC as a whole. 

The Fermi surface in CaB2 consists of three sheets: two hole-type cylindrical 

ones along Г−A lines and one electron-type along H–L lines. The DOS at the Fermi 

level in CaB2 is 0.96 states/eV, which is much larger than 0.69 states/eV for MgB2 

(7). The last descriptor reveals that the large difference between the critical 

transition temperatures for the SC phenomenon can partially be explained by the 

electronic properties and Fermi surface topology due to lack of information about 

the phonon structure (21). 
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Figure 3.11. Total DOS CaB2 (LDA).  

Figure 3.12.  Total DOS CaB2 (GGA).  
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As can be seen in Fig.3.11 and Fig.3.12 total densities of states at the Fermi 

level 0.971 (GGA) and 1.016 (LDA) states·eV−1. cell−1, mostly consist of Ca-d and 

B-p states as mentioned before and this value reported in Ref (7). as 0.96 similar 

with results. These levels important for SC properties as they may be due to the 

high DOS at Fermi level (43). 

  

 

 

 

 

 

 

Figure 3.13. High symmetry point of the hexagonal stuctures Brillouin zone (46). 
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Figure 3.14. Fermi surface contribution of Fermi level crossing 7th band. 

 

 

Figure 3.15.  Fermi surface contribution of Fermi level crossing 8th band. 
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Figure 3.16.  Fermi surface contributions of Fermi level crossing 9th band. 

 

 

 

Figure 3.17.  Complete Fermi surface structure of CaB2. 
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Figure 3.18.  Complete Fermi surface structure of CaB2 in top view. 

Figure 3.19.  Complete Fermi surface structure of MgB2 (47). 
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We use the optimized lattice constants to do first-principles calculations on 

the electrical structure. Illustrates the high-symmetry lines and resultant band 

structure at the Fermi surface. Overall, the CaB2 band structure is similar to that of 

MgB2. The bands are caused by the boron sp2 and pZ orbitals, respectively. Due to 

the greater B-B bond length than in MgB2, total band width of bands is much lower. 

Due to its lower Fermi energy, CaB2 displays two cylindrical hole-type sheets along 

its bands, just like MgB2. Although the hole-type sheets from the CaB2 bands are 

qualitatively quite different from those from MgB2, the electron-type sheets are 

qualitatively identical. 

Even though the hole-type sheets from the CaB2 bands are significantly 

compared to those from MgB2, the electron-type sheet from the bands in CaB2 is 

very dissimilar from that in MgB2. Because in MgB2, the π bands are above fermi 

energy EF at K and M points. Yet, those bands are below the fermi energy in CaB2 

at the same points. For the reasons mentioned above, the CaB2 has only one 

electron-type fermi surface from the π bands together with H-L lines, lacking the 

MgB2 Fermi surface along the K-L line. So, to be concluded, CaB2 contain three 

sheets in its fermi surface: two hole-type cylindrical sheets along Γ-A lines and just 

one electron-type along H-L lines. Compared to MgB2, which has a density of 0.69 

states.eV−1 ·  cell−1, CaB2 has a substantially higher density of 0.96 states.eV−1 · 

cell−1 (7). 

On the Fermi surface of MgB2, there are two cylindrical plates in the region 

Γ, and it also has plates on top that are skirt-like in composition in the region L-H 

and the paintings of the same type in the same area L-H, but upside down. This is 

quite like the compound CaB2. The difference between the two compounds is that 

the MgB2 complex contains plates in the middle of the six sides in the M-K region 

and the CaB2 complex does not contain these plates. 
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3.5 Vibrational and Superconducting Properties 
 

A phonon defined to mediate the SC in a metal Intercalating superconductor, 

electron-phonon coupling (epc) is the implied cause of superconductivity. For that 

reason, the studying of phonon modes is an important tool for understanding the 

superconductivity mechanism of such materials. For that reason, the detailed 

phonon structure of CaB2 is calculated in both Exc.s GGA and LDA. For phonon 

frequency, we use DFPT. 

Knowing that the CaB2 is belonging to the space group P6/mmm which have 

the irreducible representation at the vicinity of Brillouin zone center as  

B1𝑔 ⊕ A2𝑔 ⊕ A2𝑢 ⊕ E2𝑔 ⊕ E1𝑢 ⊕ E1g 

where A2g and E1g are related to the acoustic modes. The calculated phonon 

frequencies for CaB2 are shown in Table-3.8. 

Table 3.8.  Phonon frequencies in cm -1 at center of the Brillouin Zone. 

Mode Pre.Work 
(LDA) 

Pre.Work 
(GGA) 

(8) (7) (31) 

B1g 392.4 372.9 390.8 416.7  

A2u 286.7 277.4 277.0 290.3 305 

E1u 395.3 365.8 286.2  263 

E2g 657.6 644.2 647.9 658.6 588 
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Figure 3.20. Partial phonon density of state of CaB2 (GGA) 

 

This little differentiation between calculations may be related to use 

different methods in the calculations. Probably all calculations use different types 

of pseudopotentials in mentioned that table. 

 

Figure 3.21. Partial phonon density of state of CaB2 (LDA). 
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The phonon density of states DOS of CaB2 can be seen in Fig.3.20 for GGA 

and Fig.3.21 for LDA. These exhibit no negative modes at zero pressure, 

demonstrating a compound's dynamical stability. Furthermore, both figures show 

that the vibrational regions between 100 cm-1 and 300 cm-1 are mostly brought on 

by vibrations of Ca atoms. Based on vibrations of B atoms, the phonon frequency 

bands for GGA and LDA are around 330 cm-1 to 660 cm-1 and 380 cm-1 to 680 cm-

1, respectively. 

 

 

Figure 3.22. Phonon spectrum of CaB2 in cm-1 (left). The size of each blue 

circle is proportional to the magnitude of electron-phonon coupling strength 

(λqυ). The Phonon DOS (green-filled area (states/cm-1)) and the Eliashberg 

function α2F(ω) (red filled area) in arbitrary unit (GGA-Exc.). 
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Figure 3.23. Phonon spectrum of CaB2 in cm-1 (left). The size of each blue 

circle is proportional to the magnitude of electron-phonon coupling strength 

(λqυ). The Phonon DOS (green-filled area (states/cm-1)) and the Eliashberg 

function α2F(ω) (red filled area) in arbitrary unit (LDA-Exc.). 
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Figure 3.24: Phonon spectrum of CaB2 in cm-1 (left). Red circles indicate 

the phonon linewidth (γqυ) with a radius proportional to the strength. The 

Phonon DOS (green-filled area (states/cm-1) and the Eliashberg function 

α2F(ω) (green-filled area) in arbitrary units (GGA-Exc.). 
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Figure 3.25. Phonon spectrum of CaB2 in cm-1 (left). Red circles indicate 

the phonon linewidth (γqυ) with a radius proportional to the strength. The 

Phonon DOS (green-filled area (states/cm-1) and the Eliashberg function 

α2F(ω) (green-filled area) in arbitrary units (LDA-Exc.) 

The phonon dispersion curve supply important information about the 

dynamical properties of materials (Fig.3.22-Fig.3.25). So many materials' physical 

characteristics, including specific heat, thermal expansion, free energy, heat 

conduction, sound velocity, and electron-phonon coupling, are dependent on their 

phonon properties. Moreover, imaginary frequencies indicate that the computed 

structure is not the most stable one, whereas low-frequency modes might be 

connected to phase changes. 

We have calculated the phonon spectrums for CaB2 with the density of 

states and Eliashberg spectra function in GGA and LDA. The results of our 

calculations on the phonon dispersive curve show that CaB2 in the AlB2 structure 

is a dynamically stable compound again. This stability in CaB2 modes goes to the 

fact that its phonon dispersion curves do not contain soft modes at any wave vector 
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and all phonon frequencies at the high symmetry points are positive, so, they do not 

show structural instability (8). 

The superconducting transition temperature TC has been calculated using 

Allen-Dynes modified McMillen equation Through Eq. (5)-(6), and (7). Taking the 

value for μ*= 0.1 in our calculations, the obtained TC value is 24.71 K for GGA and 

22.75 K for LDA, and the logarithmic average frequency (ωln) for CaB2 equals 

475.48 K (GGA) and 0.793 K (LDA). Also, the isotropic λ is calculated to be 0.843 

(GGA) and 0.793 (LDA) as given in Table 3.9. 
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Table 3.9. The calculated electron-phonon coupling constant (λ), the logarithmic 

averaged frequency (ωln in K), Debye temperature (ΘD in K), total densities of states 

at Fermi level (N(EF) in states·eV−1.cell−1) and superconducting transition 

temperature (TC in K). 

Material     λ ωln ΘD  TC N(EF) Ref 

CaB2 0.843 475.48 867.348 24.71 0.971 Pre.work μ*=0.1 (GGA) 

CaB2 0.793 493.28 902.771 22.75 1.016 Pre.work μ*=0.1 (LDA) 

CaB2 0.69 580.2  50.46 0.96 Ref. (7) μ*=0.10, 0.14  

CaB2 0.75   9.4~28.6  Ref. (48) μ*=0.14 

MgB2 0.73 706.7  40  Ref. (21) μ*=0.05 

AlB2 0.43 579.1  9  Ref. (49) μ*=0.05 

MgC2 0.62 594.2 717.96 14.9  Ref. (50) μ*=0.1 

 

By comparing our results with the other results in Table 3.9, it was found that 

the value of the electron-phonon coupling constant (λ), highest values in our results 

were 0.843 (GGA) and 0.793 (LDA), followed by the Yu Z. et. al. (48) a value of 

(0.75), the lowest value mentioned in for the Ref. (7) is 0.69 for CaB2, but as 

mentioned in the table the value of MgB2 (0.73) in the Ref. (21), which is a result 

close to the results of CaB2. 

 The value found in our calculations for the compound CaB2 Debye 

temperature ϴD is 902.771 K (LDA), followed by 876,348 K (GGA). Compared ϴD 

with the compound MgC2, for the Ref (50), the value ϴD (717.69 K) It's less than 

our results. As expected from this situation, the TC of MgC2 is much lower than that 

of CaB2. 

 When we compare the TC value of CaB2 we calculated with the TC value 

calculated for MgB2, it is clearly seen that the TC value of CaB2 is low. This does 

not match the values calculated. (7). The reason for this is probably different from 

the method used by Choi et.al. (7). However, it is seen in the same table that the 

value we calculated is very compatible with the recent study (48). 
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 The highest logarithmic mean frequency (ωln) value for CaB2 is for Ref. (7) 

(580.2 K) as followed in our calculations by 493.28 K (LDA), as well as 475.48 K 

(GGA) for the same compound. The highest logarithmic value of the compound 

MgB2 which is 706.7 K and is higher than our calculated results. As mentioned in 

the Ref. (49) for the compound AlB2, which is equal to 579.1 K and is the lowest 

value in Table 3.9 (In addition, we can consider that the value of λ is very lowfor 

AlB2.). 

 

 

Figure 3.26. The critical temperature TC as a function of μ* for GGA. 

 

 

 

 

 

 

 

 

 



 

46 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.27. The critical temperature TC as a function of μ* for LDA. 

 

According to the results obtained, it can be concluded that the λ directly 

affects the critical transition temperatures. For this reason, the higher λ the material 

exhibits the larger the transition temperature it obtains. The low-lying phonon 

branch plays an active role in relatively higher TC and λ values (21).  Also as 

encountered in Eq. (1), the ωln is directly proportional to TC. Besides, as can be 

clearly seen from the phonon distribution graphs (Fig.3.22-Fig.3.25), the electron-

phonon coupling strength (λqυ) and phonon line width (γqυ) are very concentrated 

around 400 cm-1, which shows us that the electron-phonon interaction is very 

dominant in these regions. 

 Figures 3.26 and Figures 3.27 show us how the superconducting transition 

temperature changes with the coulomb potential (μ*). And as expected, these two 

quantities move in inverse propotional. 
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4. CONCLUSION  

 In this thesis, we have studied calculations on the physical properties of 

CaB2 in the AlB2 structure by using first principles techniques with GGA and LDA 

exchange correlations, and norm-conserving pseudopotentials with a plane wave 

basis set.   

We calculate detailed, lattice structure properties as lattice constants, bond 

lengths, and Bulk modulus of the material. With the aid of the DFPT, we get elastic 

constants, phonon frequencies, and epc properties which are crucial for SC 

properties. We found that the electronic band structures, electron density of states, 

and fermi surface topologies. The related mechanical properties like shear modulus, 

Young’s modulus, Poisson’s ratio, Debye temperature, and shear anisotropic 

factors are calculated and discussed. 

CaB2 structure is the mechanically stable compound in AlB2 structure, 

because the material obeys the Born stability criteria and dynamically stable 

compound, due to there is not the existing of the imaginary phonon frequencies. 

Our calculation shows that CaB2 is a high TC SC, due to our calculated TC values 

being 24.71 K, 22.75 K for GGA and LDA Exc. respectively. These values are like 

the recent study of Ref. (47) (28.6 K) but different from Ref. (7) (50,46 K) result. 

We explained this different result as the consideration of anharmonic phonon 

interactions in the related study (7). 

Our research has led us to the conclusion CaB2 is brittle in AlB2 phase. A 

material's brittleness is closely related to Pugh's modulus (G/B), the crucial value 

of which is G/B>0.5. The Pugh's ratio of CaB2 found for the materials is 0.84 LDA 

and 0.87 GGA. The value found in our calculations for the compound CaB2 Debye 

temperature (ϴD) is (902.771 K) LDA, followed by (876,348 K) GGA. Related to 

the combination of high Debye temperature and strong electron–phonon coupling 

constant values, the materials require to exhibit a relatively high TC value. 
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We found that the Fermi surface topologies of CaB2 are similar to MgB2 

Fermi surface topologies, just difference between the two compounds is that the 

MgB2 complex contains plates in the middle of the six sides in the M-K region and 

the CaB2 complex does not contain these plates. Our calculations have shown total 

densities of states (DOS) at the Fermi levels 0.971 (GGA) and 1.016 (LDA) 

states·eV−1· cell−1, mostly consisting of Ca-d and B-p states, and this value is 

similarly reported in Ref. (7) as 0.96 states·eV−1· cell−1. 

We hope that this thesis will soon help to conduct a practical experiment to 

find the compound CaB2 and lead to the study of more binary compounds in AlB2 

phase that may have superconductivity. 
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