
Democratic and Popular Republic of Algeria 

Ministry of High Education and Scientific Research 

University of Ferhat Abbas Setif1 

 

THESIS 

Presented at Faculty of Sciences 

Department of Physics 

To obtain the degree of 

Doctor 

Option: Condensed Matter Physics 

By 

LOUBNA DEBACHE  

Title 

 
Study of Fundamental Physical Properties of Some Ternary 

Nitride-Based Compounds (Ca5Si2N6 and Sr5Ge2N6). 

 
 

 

Discussed publicly at 19 / 05 / 2024 with the board of examiners: 

 

Mr. D.MAOUCHE   Professor Univ. F. ABBAS Setif 1     Chairman 

Mr. Y.MEDKOUR                      M.C.A Univ. F. ABBAS Setif 1     Supervisor 
Mr. A.BENAMER   M.C.A ENS  Boussaada     Examiner 
Mr. M.REFFAS   M.C.A Univ. F. ABBAS Setif 1     Examiner 

Mr. A.ROUMILI   Professor Univ. F. ABBAS Setif 1     Invited 

 



 
I 

Acknowledgement 

We thank Allah Almighty first t and thank Him for His bounty, favor, and generosity upon me 

by facilitating for me a path of knowledge, and for granting me success in accomplishing this humble 

work.  We ask Him, Glory be to Him, to make this work purely for His honorable sake, and to make it 

an asset for me and a benefit for every seeker of knowledge who desires to serve humanity. 

Above all, I would like to express my deep gratitude to my supervisor Mr YOUCEF 

MEDKOUR, Laboratory for Studies of Surfaces and Interfaces of Solid Materials (LESIMS), Ferhat 

ABBAS SETIF University for his confidence in me during these years, for giving me independence in 

the work I had to do and for his kind advice, patience and valuable discussions. I wish him great 

success in his noble career.  

I would also like to express my deepest gratitude to Mr. Abdelkrim ROUMILI He was like a 

real link for me, I thank him for his follow-up, his wise advice, his great human qualities and the 

support he constantly gave me. I wish him a happy long life. 

I would like to express my sincere thanks to Ms. Fatima Djeghloul, for her wise advice both 

with regard to the treatment of the subject of my article and with regard to the scientific and human 

aspects. The thoroughness that went into the long moments spent correcting and discussing the article 

was really much appreciated. May God grant her success for what he loves and pleases. 

To Mr. Ahmed Kharmouche, Mr. Makhlouf Kharoubi and Mr. Nacir Guechi who gives 

me valuable advice and support which allowed me to benefit from their skills and enthusiasm 

throughout my research career. Many thanks to them, May God protect them and direct their steps.   

I would like to thank my thesis committee members who have done me the honor to agree to 

read and judge this thesis. 

I also extend my gratitude to those who have helped me in some way or another to carry out 

this work, particularly:  Mr Yusuf. Atalay is a professor of physics at Sakarya University. 

I express my deep gratitude to all members and colleagues, Laboratory for Studies of Surfaces 

and Interfaces of Solid Materials (LESIMS), for their support and appreciated help. 

I am so grateful to all my teachers, professors and colleagues throughout my academic career, 

from the elementary school to the University. 

Finally, I would like to thank my parents who always encouraged me to pursue my scientific 

way to this distant point, and my brothers, sisters and my all family and friends, for supporting me 

spiritually throughout this thesis as well as throughout my life. 

 

                                                                            LOUBNA DEBACHE                  



 
II 

Abstract 

Our work consists in studying the structural, elastic, electronic, optical, thermoelectric 

and thermodynamic properties of the ternary nitrides Ca5Si2N6 and Sr5Ge2N6, using the 

density functional theory (DFT) within the GGA-PBEsol and TB-mBJ approaches. The 

theoretically predicted lattice parameters constants are consistent with the available 

experimental results. According to the estimated cohesive energy, formation enthalpy and 

Born-Huang stability criterion, the examined compounds are thermodynamically and 

mechanically stable. Findings on elastic properties suggest that both nitrides are ductile in 

nature with significant elastic anisotropy. Using the TB-mBJ electronic band structure, these 

nitrides were found to be semiconductors with a direct band gap (V-V) of 3.55 eV for 

Ca5Si2N6 and indirect band gap (V-Γ) of 3.15eV for Sr5Ge2N6. The nitridosilicate compound 

can be used as a phosphor material because the band gap and Deby temperature values are 

within the recommended range. Substitution with heavier cations leads to narrowing the Eg 

value and reducing the ϴD(K) value. Even that, this material is still useful for other optical 

applications. The computed optical functions show a modest static dielectric, a notable optical 

anisotropy and a strong absorptivity of electromagnetic waves in the ultraviolet range, 

indicating that the title compounds are suitable for UV-optoelectronic applications. 

Furthermore, transport properties, including Seebeck coefficient, electrical conductivity, 

thermal conductivity, power factor and figure of merit have been studied employing classical 

BoltzTrap software. The large figure of merit (ZT) values of these ternary nitrides, suggests 

their potential use in thermoelectric devices, especially at low and room temperature. Using 

Debye's quasi-harmonic model, we explored the thermodynamic properties of Ca5Si2N6 and 

Sr5Ge2N6 under the effect of temperature and pressure such as: the modulus of compressibility 

B, coefficient of thermal expansion α, heat capacity at constant volume CV, heat capacity at 

constant pressure CP and the Debye temperature ϴD(K) . 

Keywords: ternary nitrides; density functional theory; GGA-PBEsol; TB-mBJ; elastic 

properties; electronic band structure; optical properties; transport properties; thermodynamic 

properties. 
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 ملخص

الديناميكية ، الكهروحرارية، البصرية، الإلكترونية، ةينوالمر، يتكون عملنا من دراسة الخصائص الهيكلية

( ضمن DFTالتي تم دراستها باستخدام نظرية الكثافة الوظيفية ) 6N2Ge5Srو 6N2Si5Caللنيتريدات الثلاثية  الحرارية

الشبكة المتوقعة نظرياً توافق النتائج التجريبية المتاحة. وفقاً لطاقة التماسك ثوابت .TB-mBJو GGA-PBEsolنهجي 

ياً وميكانيكياً. من ، فإن المركبات التي تم فحصها مستقرة ديناميكBorn-Huangللتكوين ومعيار ثبات  ةالحراري والطاقة 

هذه النتريدات لتكون أشباه موصلات ذات فجوة  أن ، تم العثور علىTB-mBJخلال استخدام بنية النطاق الإلكتروني 

. 6N2Ge5Srفولتاً لـ  3.15( تبلغ Γ-Vوفجوة نطاق غير مباشرة ) 6N2Si5Caفولتاً لـ  3.55( تبلغ V-Vنطاق مباشرة )

ي تقع ضمن النطاق الموصى بالأن فجوة النطاق وقيم درجة حرارة دي فسفوريةيكات كمادة يمكن استخدام مركب نيتريدوسيل

. وحتى مع ذلك، فإن هذه المادة لا تزال KDϴ))وتقليل قيمة  Egيؤدي الاستبدال بالكاتيونات الأثقل إلى تضييق قيمة  به.

لًا ثابتاً متواضعاً، وتبايناً بصرياً ملحوظًا مفيدة للتطبيقات البصرية الأخرى. تظُهر الوظائف البصرية المحسوبة عاز

مناسبة  المدروسة مركباتالوامتصاصًا قوياً للموجات الكهرومغناطيسية في نطاق الأشعة فوق البنفسجية، مما يشير إلى أن 

ل معامعلاوة على ذلك، تمت دراسة خصائص النقل، بما في ذلك  للأشعة الضوئية فوق البنفسجية لتطبيقات الإلكترونية.

 BoltzTrapالجدارة باستخدام برنامج  معامل، والتوصيل الكهربائي، والتوصيل الحراري، وعامل الطاقة وسيبيك

( لهذه النتريدات الثلاثية إلى إمكانية استخدامها في الأجهزة الحرارية، وخاصة ZTالكلاسيكي. وتشير قيم الجدارة الكبيرة )

رفة. باستخدام نموذج ديباي شبه التوافقي، قمنا باستكشاف الخواص الديناميكية في درجة حرارة منخفضة ودرجة حرارة الغ

، معامل التمدد Bتحت تأثير درجة الحرارة والضغط مثل: معامل الانضغاط  6N2Ge5Srو 6N2Si5Caالحرارية لـ 

 .KDϴ)ي )ديباودرجة حرارة  PC، السعة الحرارية عند ضغط ثابت VC، السعة الحرارية عند حجم ثابت αالحراري 

 الخواص  ; GGA-PBEsol ; TB-mBJتقريب   المتدرجة؛ الكثافة نظرية الثلاثية؛ النتريدات :المفتاحية الكلمات

 .الخواص الديناميكية الحرارية ;الحراري-النقل الكهربائي خصائص ;الضوئية  الوظائف ; بنية النطاق الإلكتروني ;المرنة
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Résumé 

Notre travail consiste à étudier les propriétés structurelles, élastiques, électroniques, 

optiques, thermoélectriques et thermodynamiques des nitrures ternaires Ca5Si2N6 et Sr5Ge2N6 

en utilisant la théorie fonctionnelle de la densité (DFT) dans le cadre des approches GGA-

PBEsol et TB-mBJ. Les paramètres de maille sont cohérents avec les résultats expérimentaux 

disponibles. Selon l'énergie de cohésion estimée, l'enthalpie de formation et le critère de 

stabilité de Born-Huang, les composés examinés sont thermodynamiquement et 

mécaniquement stables. Les résultats sur les propriétés élastiques suggèrent que les deux 

nitrures sont de nature ductile avec une anisotropie élastique significative. Grâce à l'utilisation 

de la structure de bande électronique TB-mBJ, ces nitrures révélés d’être des semi-

conducteurs avec une bande interdite directe (V-V) de 3,55 eV pour Ca5Si2N6 et une bande 

interdite indirecte (V-Γ) de 3,15 eV pour Sr5Ge2N6. Le composé nitridosilicate peut être 

utilisé comme matériau phosphoreux car les valeurs de bande interdite et de température de 

Deby se situent dans la plage recommandée. La substitution par des cations plus lourds 

conduit à un rétrécissement de la valeur Eg et à une réduction de la valeur ϴD(K). Même cela, 

ce matériau est toujours utile pour d'autres applications optiques. Les fonctions optiques 

calculées montrent un diélectrique statique modeste, une anisotropie optique notable et une 

forte capacité d'absorption des ondes électromagnétiques dans la gamme ultraviolette, 

indiquant que les composés étudiés conviennent à l'optoélectronique UV.En outre, les 

propriétés de transport, y compris le coefficient Seebeck, la conductivité électrique, la 

conductivité thermique, le facteur de puissance (PF) et le facteur de mérite (ZT), ont été 

étudiées à l'aide du logiciel BoltzTrap. Les grandes valeurs du facteur de mérite (ZT) de ces 

nitrures ternaires suggèrent leur utilisation potentielle dans les appareils thermoélectriques, en 

particulier à basse température et à température ambiante. A l'aide du modèle quasi-

harmonique de Debye, nous avons exploré les propriétés thermodynamiques de Ca5Si2N6 et 

Sr5Ge2N6 sous l'effet de la température et de la pression telles que : le module de 

compressibilité B, le coefficient de dilatation thermique α, la capacité thermique à volume 

constant CV, la capacité thermique à pression constante. CP et la température de Debye ϴD(K)  

Mots clés : nitrures ternaires ; la théorie fonctionnelle de la densité; GGA-PBEsol; TB-mBJ ; 

propriétés élastiques ; structure de bande électronique ; propriétés optiques; propriétés de 

transport; propriétés thermodynamiques. 
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I.1. Preface 

Materials science and condensed matter physics are critical components of the current 

technological revolution Scientists' research, these two areas has led to a lot of exciting 

discoveries, new materials and new applications. Therefore, condensed matter physics and 

materials science are being renewed, which are very broad and very active areas of theoretical 

and experimental scientific research. In fact, before selecting and using a material for a 

particular technological application, it is essential to ascertain that its properties are adapted to 

the desired applications as a first step. Therefore, detailed and accurate knowledge of the 

physical and chemical properties (structural, electronic, mechanical, optical, 

thermoelectric...etc.) of synthetic materials is important and necessary to determine the 

possibilities of their use in technological applications. These properties find their origin in the 

behavior of the electrons inside such systems, knowing the electronic structure is essential to 

understand material properties. Determination of electronic structures constitute the main 

object of condensed matter physics. Diverse theoretical methods have been developed by 

theoretical physicists and chemists allowing for calculate the electronic structures of 

materials. Let us first mention the semi-experimental methods which require experimental 

data to determine several adjustable parameters. We should also mention the ab-initio 

methods (first-principles methods), based on Quantum mechanics theory, which only needs to 

define atomic constants solid-state electronic structure, such as the Hartree method [1-2] and 

Hartree-Fock [3] and theory Density functional (DFT: density functional theory) [4]. Ab initio 

methods have now become an indispensable tool for forecasting and identifying material 
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properties. Different methods for calculating the properties of solids. It's also a favorite tool 

for predicting new material, and has been able to replacing expensive experiments or even 

impossible to perform in a laboratory. 

The formality of ab initio calculations comes from Density functional theory (DFT) 

[5] and its approximation for exchange energy. The fundamental formalism of DFT is based 

on the theory developed by Hohenberg and Kohn (1964) [6], which holds that the total energy 

of a system is functional of electron density. The various methods are dependent on the 

development of DFT. Among the exact methods developed under DFT are the pseudo 

potential plane wave (PP-PW) [7] and full-potential linear augmented-plane wave (FP-

LAPW) methods [8]. In the current dissertation, PP-PW and FP-LAPW based DFT 

approaches were used to investigate the structural, elastic, electronic, optical, thermoelectric 

and thermodynamic properties of nitride based materials. 

I.2. Different classes of nitride semiconductors  

Nitride semiconductors are a type of material that has nitrogen atoms in its crystalline 

structure. They are typically wide-band gap semiconductors with a substantial energy 

difference between the valence and conduction bands. As a result, they are appropriate for a 

wide range of electronic applications, such as light-emitting diodes (LEDs), laser diodes, and 

solar cells. [9] 

I.2.1.Binary nitride semiconductors  

Binary nitride semiconductors are materials composed of an element from the third 

column (B, Al, Ga, In, etc.) and an element from the fifth column (N) of the periodic table. 

They have a wide band gap, meaning that more energy is required to excite an electron from 

the valence band to the conduction band. This gives them unique properties that make them 

useful in a variety applications. 

Boron nitride (BN) is a non-oxidized ceramic material with a variety of 

crystallographic forms. It was first synthesized by Balmain in 1842 and commercialized a 

century later. Boron nitride's excellent properties enable it to be used in a wide range of 

applications, including tribological systems, optical guides and electronics. Its resistance to 

high temperatures and chemicals makes it ideal for high-temperature aerospace applications. 

BN is a III-V compound with four stable polytypic: hexagonal (hBN), cubic (cBN), wurtzite 

(wBN) and rhombohedra (rBN) [10]. 

Aluminium nitride (AlN) is a material with unique electrical and thermal conductivity 

properties, similar to diamond. It is commonly obtained through frittage and is used as a 



 

 

Chapter I 

 

                                                                                                                            General Introduction 

3 

diffusion barrier. AlN polycristallin is a large gap semi-conductor, ideal for optoelectronics 

and HEMT applications. However, there is currently no large-scale monocrystalline substrates 

available. The High Temperature Chemical Vapor Deposition (HTCVD) method from is an 

alternative method that allows for the growth of high-quality single crystal.develops 

autoportant AlN monocrystalline substrates. AlN is also a pyzoelectric material due to its high 

propagation speed and compatibility with silicium filière fabrication. It is used in acoustic 

filter components for filtering applications. The thickness of AlN films is typically around 

500 nm for optimal properties. This thickness range limits filter operating frequencies to a few 

GHz [11]. 

Gallium nitride (GaN), discovered in the 1960s, is gaining popularity in 

optoelectronics and electronics due to its high p-type doping efficiency and excellent material 

quality. Its wide direct bandgap allows for light emission across a wide spectrum, making it 

ideal for applications like LEDs and lasers. GaN's crystalline wurtzite structure offers high 

capacitance and polarization effects, making it ideal for high-power applications. Its potential 

extends to high-mobility electronic transistors (HEMTs) [12]. 

 

I.2.2. Ternary nitride semiconductors 

Ternary nitride semiconductors are composed of three elements: one from group III of 

the periodic table (e.g., aluminum, gallium, and indium), the secondelement from group V 

(nitrogen), and a third one, typically a metal or a metalloid. The addition of this third element 

can significantly alter the properties of the material compared to its binary nitride counterpart. 

numerous important consequences and several significant effects were observed[13]: 

 Tunable band gap: The band gap, which determines the energy required to 

excite an electron from the valence band to the conduction band, can be 

controlled by adding a third element. This allows for tailoring the material for 

specific optoelectronic applications. 

 Improved carrier mobility: Ternary nitride semiconductors can have higher 

electron mobility than Binary nitride semiconductors, which is beneficial for 

high-power electronic devices. 

 Enhanced thermal conductivity: The addition of third element can improve the 

thermal conductivity of Binary nitride semiconductors, which is important for 

heat dissipation in devices. 
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I.2.3. Quaternary nitride semiconductors 

Quaternary nitride semiconductors are materials made from four elements, with 

nitrogen as the common component. These materials are used in optoelectronics and 

electronics due to their tunable band gaps, making them suitable for devices like LEDs, lasers, 

and solar cells [13]. Researchers are exploring doping techniques to improve efficiency, 

durability, and performance in these semiconductors. 

 

I.3. Presentation of the studied materials 

The investigation of new ternary and quaternary nitrides have gained a significant 

importance during this last ten years [14-15]. In minutely, by using molten Na as a flux, many 

nitride compounds containing alkaline earths with novel structures and interesting properties 

have been synthesized [16-17]. Single crystals of many ternary and quaternary nitride 

compounds containing Si, Ge and Ga have been synthesized [18]. When obtaining these metal 

nitrides, alkaline earth metal was often added in the molten Na to improve the solubility of 

nitrogen, and finally incorporated into the nitride products. In most cases, the nitride products 

contained anions of nitride-metalloid whose charge was counterbalanced by alkaline-earth 

cations [17]. 

Interestingly, the large and heavy alkaline earth metals (Sr and Ba) are prevalent, and the Ca 

containing ternary nitride is rare.  

In our work, we are interested to study the physical properties of ternary materials, based on 

nitrogen and alkaline earth (Ca and Sr) containing an element from the main group IV 

metalloid (Si, Ge). To the best of our knowledge and apart from the development and the 

determination of structural parameters of these ternary materials Ca5Si2N6 and Sr5Ge2N6 [19-

20], their fundamental physical properties have not yet been studied experimentally or 

theoretically. 

Silicon Calcium Nitride Ca5Si2N6 and Germanium Strontium Nitride Sr5Ge2N6 consist of: 

 Calcium Ca: (Z= 20, [Ar] 4s2) was discovered by Davy in 1808. It belongs to the 

alkaline earth metals, which belong to group II of the periodic table of elements. This 

metal is characterized by its chemical activity, therefore it does not exist in its free 

form in nature, since a layer of oxide and nitride forms on its surface when exposed to 

air. This element is similar in its chemical and physical properties to the properties of 

its heavier peers in the group of alkali metals: strontium and barium. Calcium is the 
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fifth chemical element in terms of natural abundance in the earth's crust and the third 

metal in terms of order, after aluminum and iron. It is most often found in the form of 

a compound of calcium carbonate, which enters into the composition of limestone; it         

is also found as other compounds in the minerals gypsum, anhydrite, fluorite and 

apatite, which are also natural raw materials for calcium. 

 Strontium Sr :( Z=38, [Kr] 5s2 is a silvery-white soft-yellow metallic element that is 

highly reactive chemically. 

The outer shell of individual atoms in Group IV (Si, Ge) elements is exactly half filled, 

making them unique in the periodic table. A three-dimensional tetravalent crystal structure 

with no preferential direction can be realized by exchanging four outer shell electrons with 

another group IV atom. 

 Silicon Si: (Z=14, [Ne] 3s2 3p2) It is classified as a semiconductor and  metalloid, and 

is found under standard conditions in the form of a brittle crystalline solid with a 

bluish-gray metallic luster. 

 Germanium Ge: (Z=32, [Ar] 3d10 4s2 4p2) A semiconductor, metalloid chemical 

element in appearance, a greyish-white solid with a greenish-yellow color. 

 Nitrogen N: (Z=7, [He] 2s2 2p3) is a chemical element located in the group V in the 

periodic table and is classified among the nonmetals, and it is in normal conditions of 

pressure and temperature in the form of N2. It is a diatomic gas, colorless, tasteless and 

odorless. 

The title compounds (Ca5Si2N6 and Sr5Ge2N6) adopt a monoclinic crystal structure and 

belong to the space group C2/c (N°:15), with four unit formula per unit cell (Z=4) [19-20].  

I.4. Motivation and key objectives 

Over the last few decades, a large variety of solid-state nitride materials were 

synthesized and exploited in many novel technologies. Including innovations revolving 

around photovoltaic solar cells, thermoelectric, high-temperature ceramics or optoelectronics 

[21-26]. With regard to reducing global energy consumption, different classes of nitrides 

exhibit luminescence properties upon doping with rare earth ions such as Eu2+or Ce3+, making 

them suitable as luminescent materials for light emitting diodes (LEDs) [27-33]. Herein, for 

example, two subclasses -nitridosilicates and nitridoaluminates- are widely used as host 

structures for luminescent materials (i.e. LED phosphors) due to their large structural 
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diversity, chemical and optical properties [31,34-37]. Especially, the Eu2+doped MxSiyNz 

nitridosilicates phosphors (M = alkali, alkaline earth or rare earth) such as: Sr2Si5N8:Eu2+ [33], 

(A)2Si5N8 (A= Ca, Sr, Ba) :Eu2+[36,39],(A)(R)Si4N7:Eu2+(A = Ca, Sr, Ba; R = Sc, Y, Lu)[40-

44], BaSi7N10:Eu2+[45]and (A)SiN2:Eu2+(A= Ca, Sr, Ba)[46-47]. Furthermore, the latter 

compositional range can be further extended by substituting Al and O for Si and N 

respectively [48], resulting in phosphors like CaAlSiN6:Eu2+[49], Ba3Si6O12N2: Eu2+[50], 

(A)Si2O2N2:Eu2+(A= Ca, Sr, Ba) [51], Sr[LiAl3N4]:Eu2+[37] and A[Mg2Al2N4]:Eu2+ (A= Ca, 

Sr, Ba) [52]. 

Recently, a new red phosphor, Ca5Si2N6: Eu2+, was discovered by J. Huang et. Al [53]. 

This phosphor has an excitation band that extends from 350 to 480 nm, which makes it 

attractive for application in phosphor-converted light-emitting diode [53]. Structurally, 

Ca5Si2N6 contains pairs of edge-sharing tetrahedra of [Si2N6]
10−similar to the previously 

identified in other nitridosilicates like: Ba5Si2N6 or Ca7NbSi2N9 [19]. Comparable “bow-tie” 

units of [Ge2N6]
10− were found in Sr5Ge2N6, suggests the presence of structural relations 

between nitridosilicates and nitridogermanates [20]. 

Due to technological uses for these materials, we have decided to study the recently 

discovered nitridogermanate Sr5Ge2N6 [20] and its nitridosilicate isotope, Ca5Si2N6 [19]. 

Aside from their synthesis and structural characterization [19, 20], the fundamental physical 

properties of these nitrides have not yet been investigated, either experimentally or 

theoretically. These facts stimulate us to conduct a thorough investigation on their 

fundamental physical properties, which are crucial to identify the potential uses of these 

compounds. As a result, in this paper, we have the following:  

 Exact determination of crystalline parameters, including lattice parameters and atomic 

positions, of the Ca5Si2N6 and Sr5Ge2N6 materials using the PP-PW method and GGA-

PBEsol to model the exchange energy [54] as implemented in the CASTEP code [55]. 

The structural stability of the studied materials were also verified by calculating the 

formation enthalpy and cohesion energy. 

 Prediction of the elastic properties of the studied compounds using the efficient stress-

strain method as implemented in the CASTEP. 

 Overview investigation of the electronic properties (including electronic band 

structure, total and partial density of states) and optical properties (including the 

dielectric function and important derived parameters such as absorption coefficient, 

refractive index, extinction coefficient, reflectance and electron energy loss function). 
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These investigations were conducted using FP-LAPW with GGA08 and TB-mBJ 

method [56] for modeling the exchange-correlation potential. 

 Investigation of the thermoelectric properties, including Seebeck coefficient, electric 

conductivity, thermal conductivity, power factor and figure of merit, using the FP-

LAPW method combined with the Boltzmann’s semi-classical theory [57] as 

implemented in the BoltzTraP code [58].  

 Investigation of the thermodynamic properties, including the module of compression 

B, coefficient of thermal expansion α, heat capacity at constant volume CV, heat 

capacity at constant pressure CP and the Debye temperature ϴD, using the E-V data of 

the PP-PW and GIBBS program [59]. 

 

I.5. Thesis outline 

As part of this thesis, we represent four chapters. 

Chapter 1; General introduction, bear a Preface, different classes of nitride semiconductors, 

presentation of materials and motivation and key objectives. 

Chapter 2; We present in this chapter the theory on which our calculations are based, namely 

the density functional theory (DFT). The Schrödinger equation, the Born-Oppenheimer 

approximation, the generalized Kohn and Sham equations, the method used for solving the 

Kohn and Sham equations and exchange correlation energy approximations. 

Chapter 3; This chapter is devoted to the details of classes of potentials such as; pseudo-

potentials and the all-electron potentials: Muffin-tin type or Full Potential. 

Chapter 4; This last chapter is dedicated to the results and discussions: we first performed a 

study on the structural and elastic properties using the PP-PW method. Next, we have 

investigated the electronic and optical properties, using the FP-LAPW and GGA08. TB-mBJ 

method for modeling the exchange-correlation potential. The study of the thermoelectric 

properties, including Seebeck coefficient, electric conductivity, thermal conductivity, power 

factor and figure of merit, using the FP-LAPW method combined with the Boltzmann’s semi-

classical theory as implemented in the BoltzTraP code. Finally, thermodynamic properties are 

also predicted via the combination of the Debye quasi-harmonic model as implemented in 

GIBBS program. We have ended this thesis by a general conclusion. 
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II.1. Preface  

The physics of condensed materials is the branch of physics which studies the 

microscopic properties of matter and is interested in understanding and exploring the 

interactions of electrons with each other and with nuclei. In principle, all material properties 

can be addressed if one has efficient computational tools to solve this quantum mechanical 

problem. Calculating the ground state properties of N-electron in crystal is very difficult, 

because every particle interacts with every other particle. The Schrödinger equation therefore 

becomes mathematically insoluble. Several approximations have been made to solve this 

difficult situation. One of the methods used is density functional theory (DFT), developed by 

Hohenberg and Kohn [1]. 
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II.2. Schrödinger Equation 

If we consider a crystal system consisting of two types of particles: nuclei and 

electrons in mutual interaction. To study all these interactions, Schrödinger proposed an 

equation: 

H (II.1)E     

Where;  

Ψ is the wave function of the system, a function of the coordinates of the nuclei, of the 

electrons, it contains all information of the system. 

E is the total energy. 

H is The corresponding total Hamiltonian of the system, it describes all the interactions 

occurring in the system. It is expressed in its exact following form: 

e n ee ne nnH= (T +T +V +V +V )                                    (II.2)  

with:  

2

eT
2

i i

i i e

T
m

 
    

 
   is the electron’s kinetic energy operator, 

2

2
nT T

M




 

  
   

 
   is the nuclei’s kinetic energy operator, 
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ee ij

i j i ji j

e
V V
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   is the electron/electron interaction energy operator, 

2

ne i

i ii

Z e
V V

r R




 

  


   is the nuclei/electron interaction energy operator, 

2
1 1

2 2
nn

Z Z e
V V

R R

 


     

 


   is the nucleus/nucleus interaction energy operator. 

ir  and R  respectively designating the electronic and nuclear position vectors serving for the 

localization of each of the i electrons of the system and of each of its α nuclei, centered on its 

atomic sites. The indices i (= 1...N) and α = (1...Z) are thus adopted in order to distinguish 

electronic quantities from nuclear quantities. 

  The Schrödinger equation can be therefore represented in the form: 

e n ee ne nn 1 2 1 2 1 2 1 2(T +T +V +V +V ) (r ,r ...R  ,R ...)=E (r ,r ...R  ,R ...) (II.3)   
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Due to the high number of degrees of freedom 3N(Z+1) and the involved interactions 

in this type of problem, their exact treatment has proven to be an impossible task [2]. One of 

the recommended solutions is the use of appropriate and simplifying approximations. First, 

find the Born-Oppenheimer approximation. 

II.2.1. Born-Oppenheimer Approximation 

The Born-Oppenheimer approximation proposed to simplify the resolution of the 

Schrödinger equation (II.1) by separating the electronic part from the nuclear part in the wave 

function. This approximation is based on the fact that nuclei are much heavier and therefore 

much slower than electrons. Therefore only electrons are kept as actors of our many bodily 

problems. The nuclei is deprived of this mode, and are reduced to a specific source of positive 

charge, and become "external" with respect to the cloud. After applying this approximation, 

we are left with a group of N negative particles interacting and moving in the potential of the 

nuclei. 

By adopting this approximation, if we consider that the nuclei are fixed, the Hamiltonian 

e n ee ne nnH= (T +T +V +V +V )  Will be simplified since the kinetic energy of the nuclei becomes 

zero and the interaction energy between the nuclei becomes constant which we can choose as 

the origin of the energies ( nT 0 , nnV cste ) Taking this simplification into account, the 

Hamiltonian system becomes [3-4]: 

e ee neH= (T ++V +V )                                                         (II.4)  

II.2.2. Hartree approximation 

The Hartree approximation consists in seeking the eigenfunctions of H in the 

approximate form: 

Ψ approchée= Ψ(r1) Ψ(r2)…………… Ψ (rN)                       (II.5)  

This approximation is based on the assumption of free electrons, which amounts to not 

holding Spin count [5]. 

II.2.3. Hartree–Fock approximation 

A so-called Hartree-Fock approximation has been introduced to take into account the 

spin of the electrons for the resolution of the Schrödinger equation. The wave function ψ is 

expressed using a Slater determinant. The exchange energy is processed exactly and the 

correlation energy is only introduced in the most advanced versions [6]. 
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II.3. Density functional theory  

The energy of an electronic system can be expressed as a function of its density. It is 

on this idea that the density functional theory was founded. It's actually an old idea that 

originated in the work of Thomas and Fermi [7-8] in the late 1920s, but it wasn't until the 

mid-1960s that the contributions of Hohenberg and Kohn [9] on the one hand and Kohn and 

Sham [10] on the other hand make it possible to establish the theoretical formalism on which 

rests the DFT. Fundamental variable to describe the properties of the system has existed since 

the first approaches to the electronic structure of matter but it only obtained tangible results. 

Through the demonstration of the two theorems known as Hohenberg and Kohn. 

 

II.3.1. Hohenberg-Kohn theorems  

The Hohenberg-Kohn theorem is based on the determination of the set of properties of 

the ground state of a system composed of a number of electrons, in Coulomb interaction with 

point nuclei, using the single knowledge of electron density. The two authors Hohenberg and 

Kohn proved two fundamental theorems whose statements are as follows [9]: 

Theorem 1: The total ground state energy E of a multi-electron system is a unique 

functional of the electron density  r  for an external potential exV  

We can write: 

       r r rexE V r dr F                                             II.6
    

With 

     r r reeF T E                                                          II.7  

and ; 

 r  is the electron density and   rF     is a universal functional of ρ that contains the 

kinetic and Coulomb contributions to the energy.  

The term    rexV r dr  stands for nucleus-electron interaction. 

Theorem 2: The total energy functional of any many-particle system has a minimum 

which corresponds to the ground state and the ground state particle density. 

The second theorem is based on the variation principle: Hohenberg and Kohn proved 

that any energy E(Ψ), satisfying the necessary limits  r 0   and  r dr N   and which 
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is associated with an external potential  rexV , is always greater than or equal to that of the 

ground state E [ρ(r)]. In this case, the ground state energy will be written as: 

         r r r rex eeE V r dr T E                                II.8  

 rT     is the kinetic energy of the electronic system and  reeE     is the repulsive 

electron-electron interaction functional. It breaks down into two functions . 

     r r ree XCE J E                                       II.9  

and ; 

 rJ     is the Coulomb functional of classical electron-electron interactions: 

 
   1 2

1 2

1 2

r r1
r r r

2 r r
J d d

 
                                                        II.10  

and  rXCE      is the exchange-correlation functional which contains all the non-classical 

electron-electron interactions [11]. 

 

II.3.2. The Kohn-Sham equations  

A year later, after Hohenberg and Kohn [9] had published their work on density 

functional theory, Kohn and Sham proposed a practical approach to further simplify 

Hohenberg and Kohn's theory. They introduced an auxiliary system of electrons without 

interaction where the distribution of the charge density in the ground state is written; 

   
2

1

r
N

i

i

r


                                                                           II.11  

The wave functions that minimize the density functional are solutions of these eigenvalue 

equations. The wave functions are determined from an equation similar to the Schrödinger 

equation in a self-consistent way. 

The equation is given with an effective potential: 

     
2

2
i eff i i iV r r E r

m

 
      
 

                                              II.12  

Knowing that the effective potential is given by:  
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       eff ext H xcV r V r V r V r                                                         II.13   

 extV r  is the term due to the external potential coming from the nuclei; 

 
 

 

r

r

ext

ext

E
V r





   


                                                                         II.14  

 HV r  is Hartree's potential; 
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'

'

rr
r r

r r r

H

H

rE
V r d d

 



    
                                            II.15  

 xcV r  is the exchange-correlation potential defined as a functional derivative of the 

exchange-correlation energy EXC 

 
 

 

r

r

xc

xc

E
V r





   


                                                                               II.16  

The single-particle wave functions  i r are the N lowest-energy solutions of the 

Schrödinger equation written within the framework of Kohn-Sham theory as follows: 

   KS i iH r r                                                                                      II.17  

II.4. Solving the Kohn–Sham equation 

To solve the Kohn-Sham equation we need to define the Hartree potential and the 

exchange-correlation potential. It is therefore necessary to determine the electron density 

which is itself dependent on the wave function [12]. This self-consistent problem is solved 

using the following algorithm:  

1. Define an initial test for the electron density  r  

2. Build potential 

3. Solve the Kohn-Sham equation, to find the wave function of a single particle  r  
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4. Calculate the new electron density  rKS using the wave function obtained in the 

previous step. 

5. Compare the electron density  rKS  with the test density  r , if they are equal then 

the density  rKS  is the ground state electron density so can calculate the total 

energy, otherwise start again with step 2. 

So this process is a repetitive self-consistent method which allows to solve the Kohn-Sham 

equations [12]. 

 

II.5. Exchange-Correlation potential  

The only ambiguity in the approach of Kohn and Sham (KS) is the term of exchange-

correlation, the complexity of the latter makes the resolution of the KS equations difficult. 

Nevertheless. This functional can be subject to approximations of the local or near local order 

of the density, that said the energy Exc can be written in the form: 

                          ( ) ( )xc xcE r r dr                                                             II.18                                                                         

 ( )xc r    is the exchange and correlation energy per electron at point r, it depends on ρ(r) in 

the vicinity of r. These approximations have aroused the interest of several scientists and 

recorded enormous progress in this area [13]. 

 

  II.5.1. Local Density Approximation (LDA)  

The local density approximation (LDA: Local Density Approximation) is based on the 

assumption that the electron density varies slowly in space and therefore the terms of 

exchange-correlation depend only on the local value of ( )r  ; that  is, it treats an 

inhomogeneous system as locally homogeneous. 

The exchange-correlation functional  ( )xc r  is thus replaced by that of a 

homogeneous gas of electrons of density ρ(r): 

 ( ) ( )
xc

LDA

xcE r r dr                                                                                 II.19  

The exchange and correlation functional can be divided into an exchange-related term and a 

correlation-related term. 

     ( ) ( ) ( )
xc x c

LDA LDA LDAE r E r E r                                                             II.20  

With  
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3 / 4

3 3
( ) ( )

4 4x

LDAE r r 
 

   
 

                                                                           II.21  

According to the Dirac exchange functional [14] 

Quantum Monte Carlo calculations by Ceperley and Alder [15] have also provided accurate 

values of  ( )
x

LDAE r These values were then interpolated by Vosko, Wilk and Nusair (VWN) 

[16] and Perdew and Zunger [17] to an analytical form of  ( )
x

LDAE r . 

So; LDA is defined from a homogeneous gas of electrons, one would expect that it gives good 

results only for systems having an electronic density which varies slowly. However, the 

applicability of LDA goes beyond that, and it has produced good results for systems with 

inhomogeneous density. Experience has shown that the LDA performs better than the 

Hartree-Fock approximation [18]. 

Typically, calculations using LDA lead to excessively high binding energies. This 

results in too short lengths of connections, too small mesh parameters, too large 

incompressibility moduli. 

II.5.2. Generalized Gradient Approximation (GGA)  

The generalized gradient approximation (GGA: Generalized Gradient 

Approximations) provides an improvement over the LDA. In the local approximation, the 

exchange and correlation potential only depends on the density whereas in the GGA 

approximation, the potential is expressed as a function of the local electron density and its 

gradient ( )r   

   ( ) ( ) ( ), ( ) ( )
xc

GGAE r r f r r d r                                                             II.22  

 ( ), ( )f r r   being the exchange and correlation function dependent on the electron 

density and its gradient. 

Unlike the LDA, there are several versions of the GGA most frequently used;  

 PBE “Perdew-Burke-Ernzerhof “ [19-20]. 

 PBEsol “Perdew-Burke-Ernzerhof GGA reparametrized for solids” [21], 

 WC “by Wu and Cohen” [22], 

 AM05 functional “by Armiento and Mattsson” [23] 

 HTBS functional “by Haas, Tran, Blaha, and Schwarz” [24] 

 So, In many cases, the GGA approximation provides better results than the LDA for total 

energies, cohesion energies, equilibrium volumes and incompressibility moduli. However, the 
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band gap widths of insulators and semiconductors remain far too low. Systems with strong 

correlations (bands d or narrow f) are poorly described. 

 

II.5.3. TB-mBJ approach  

Tran and Blaha have recently published a new version of the exchange potential [25], 

which was proposed for the first time by Becke and Johnson [26]. It is the potential mBJ 

modified Becke Johnson Potentiel (also known as the potential TB: Tran-Blaha) that has been 

identified and implemented in the most recent version of the Wien2k code[27]. 

Tran and Blaha [28] tested the exchange potential proposed by Becke and Johnson (BJ) [26] 

which was designed to reproduce the shape of the exact exchange potential i.e. the optimized 

effective potential (OEP). They found that the use of the BJ potential combined with the LDA 

correlation potential, always gives underestimated gap energies. In order to improve these 

results, Tran and Blaha [25] introduced a simple modification of the original BJ potential and 

obtained good agreement with other more expensive approaches, because of their high self-

consistency, such as the hybrid functionals (see the next section) [29] and the GW method 

[30-31] .The modified BJ potential (mBJ) proposed by Tran and Blaha [25] has the following 

form: 

1 5 2 ( )
( ) ( ) (3 2)

12 ( )

TB mBJ BR

X X

t r
V r cV r c

r 

                                               
 II.23

 

c was chosen to depend linearly on the square root of the average of /   [32] 

1

' 2
3 '

'

1 ( )

( )cell

r
c d r

V r


 



 
   

 
                                                                    II.24  

cellV  Is the unit cell volume and  and   are two free parameters whose values are              

 = -0.012 and   =1.023 bohr1/2 according to a fit to experimental results [25]. 

Equation  II.23  was chosen to restore the exchange potential of the LDA 

   

1
13
3

3
( ) 2 ( )LDA

XV r r 


 
  

 
(whatever the value of c) for a constant electron density. In 

addition, the Becke-Roussel (BR) potential ( )BR

XV r  

 

     
1/3

3

1 1
1

2/ 8

x r x rBR
x

x
V e x r e

x e 

 



 
 
  

 

                                                    II.25  

x is determined from a nonlinear equation involving 
2, ,    . 
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( )BR

XV r  is taken equal to the Slater potential ( )Slater

XV r which represents the average of the 

Hartree-Fock potential [33] ( ( ) ( )BR Slater

X XV r V r ). As a result, the BR potential reduces to 3/2 

of the potential 
LDA

XV  and the second term of equation (II.23) (without (3c-2)) reduces to 

1

2

LDA

XV  since to    
2 5

2 3 3
3

( ) 3 2 ( )
20

t r r 
 

  
 

 for a constant density. 

For c=1, the original BJ potential is reproduced. By varying c for a given material, it has been 

found [25] that for many solids, the gap energy increases monotonically with respect to c. 

specifically, for solids with small gaps, and also for c. 

II.5.4. Hybrid Functional 

The "hybrid" functional is based on the adiabatic connection formalism. The principle 

emerges from the question asking whether it is possible to use the Hartree-Fock exchange in 

the Kohn-Sham formalism. The formula for the adiabatic connection theoretically justifies the 

determination of the Hartree-Fock exchange energy from the energy of the Kohn-Sham 

orbital’s. The use of the Hartree-Fock exchange part associated with GGA functional provides 

results comparable to those of the generalized gradient approximation. The first functional of 

this type was proposed by Becke (1993), and contains 50% of Hartree-Fock exchange; it is 

the "half and half"[34] functional. It had the disadvantage of containing too high a proportion 

of HF exchange, and the most widely used functional of this type today is the one known by 

the acronym B3LYP[35]. This is a three-parameter functional combining the local exchange, 

Becke exchange and Hartree-Fock exchange functions, with the local correlation functional of 

Vosko, Wilk, and Nusair (VWN) and gradient-corrected functional of Lee, Yang and Parr. 

 

II.5.5. The Heyd-Scuseria-Ernzerhof (HSE) functional 

HSE functional are exchange-correlation functional used in density functional theory 

(DFT) to improve the accuracy of describing properties like band gaps and charge transfer 

excitations. HSE functional combine the Hartree-Fock exchange and DFT exchange-

correlation functional, provides more accurate results for a variety of systems. They improve 

the description of short-range and long-range electron-electron interactions, but are 

computationally more demanding than pure DFT methods. Researchers often choose HSE 

functional for high accuracy in predicting electronic and structural properties, but their choice 

depends on specific applications and available computational resources. 
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There are two major classes of potentials: 

 Pseudo potentials. 

 All-electron potentials: Muffin-tin or Full Potential. 

III.1. Planes waves and pseudopotential  method  

III.1.1.Bloch's theorem and plane waves 

For an assumed infinite periodic solid, the chosen plane wave basis must satisfy the 

periodicity conditions of the crystal. The electron wave function can be written in the form 

of a Bloch function as the product of a plane wave and a function of the reciprocal lattice 

un (k, r) according to the equation [1-2]: 

   
,,

i

i n Ki

iK r

n K r e u r                                                                                          III.1  

With: 
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r : vector in real space 

k: wave vector of the reciprocal lattice 

Ω: volume of the elementary mesh in reciprocal space. 

n: index of the energy band. 

The function u k (r) must satisfy Bloch's theorem, hence it must be periodic and have the same 

period of the crystal lattice. 

u k (r+Rl)= u k (r)                                                                                 III.2     

Rl ; is the direct mesh vector.                                     

To deal with an infinite number of electrons one must then express the wave function 

in terms of an infinite number of reciprocal vectors k in the first Brillouin zone [3-4]. The 

electron wave functions of the k points in the Brillouin zone are expressed in terms of a 

discrete basis of plane waves described by an infinite Fourier series according to the equation:  

   , ,

1 i K G r

n K n Kr C G e

   
 

  

                                                               III.3

 

Where G is the vector of the reciprocal network. 

For practical reasons, the plane wave basis must be finite to contain a finite number of 

plane waves, this is done by a cut-off energy threshold (Energy Cut-off ) Ecut which 

represents the maximum kinetic energy of cut-off limiting the development order of the 

electronic wave function. 

A constraint is placed by this parameter (Ecut-off) on the plane waves. The plane 

waves belonging to the sphere of radius rc= Ecut must obey the following condition: 

2

cutoff 
2

K G E
m

                 III.4  

The kinetic energy cut-off depends on the system studied and particularly on the 

choice of the pseudo-potential describing the potential felt by the valence electrons. If the 

energy cut-off is low, the number of plane waves is not sufficient to represent well the wave 

functions and the charge density, which induces an error on the estimation of the total energy 
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of the system. We will therefore need to increase the cutoff radius until the convergence is 

achieved [5]. 

The choice of a plane wave base has some advantages such as: 

 It simplifies the evaluation of derivatives and integrals, leading to an easy calculation 

of the elements of the Hamiltonian matrix. 

  The passage between the direct space and the reciprocal space or conversely is done 

by taking advantage of the fast Fourier transform FFT. 

 The plane waves form a complete and orthonormal set, independent of the atomic 

positions. [6]. 

The most widely used sampling method is the one proposed by Monkhorst and Pack [7] 

which provides a uniform k-point grid of chosen dimension. 

III.1.2.Pseudopotential method 

The pseudo potential approximation is very useful in the study of the physical 

properties of condensed matter. The method consists in replacing the core electrons of an 

atom by a fictitious potential that represents as well as possible the atom near its nucleus. It is 

very good, since the electronic states very close to the atomic nuclei have little effect on the 

electrons of the neighboring atoms, since they do not contribute to the chemical and physical 

interactions between atoms [8.9]. Only the valence electrons play a significant role in the 

physical properties of materials. This method is also compatible with the DFT formalism and 

the plane wave basis. 

Pseudopotentials are divided into two categories according to the basis used to develop 

the pseudo-functions: 

 norm-conserving methods (norm-conserving pseudopotentials introduced by Hamman 

et al. [10] ). 

  The methods of non conservation of the norm (the ultra-soft pseudopotentials 

introduced by Vanderbilt [11]). 

III.1.2.a. Pseudopotentials with conserved norms 

  Pseudopotentials with conserved norms are pseudopotentials that promote 

transferability. These conditions were formulated by Hammann, $chlùter and Chiang (1979) 

and then reformulated by Bachelet, Hammann and Schifiter BHS (1982) [10] Another method 

was proposed by Trouiller-Martins. This method is a norm-conserving BHS method where 

additional constraints are imposed on the pseudo wave function. The radial part of the pseudo 

wave function (associated with the pseudopotential) verifies the following equalities; 
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Rps(r) =rL+lep(r)              r ≤ rc 

                                                                                                                                                                                         III.5                                

Rps(r) =R(r)                   r ≥ rc 

Where P(r) is a polynomial of order 6 in r2 of the form: 

P(r) = c0 + c2r
2 + c4r

4 + c6r
6 + c8r

8 + c12r
12                                                                        III.6         

The pseudo wave function is the solution of the Schrödinger equation. It verifies the condition 

of the conservation of the norm which determines the coefficients cn of the equation, the 

equality of the valence wave functions and of the pseudo wave functions at the point r= rc, as 

well as their four first derivatives, and finally the cancellation of the first derivative of the 

pseudo wave functions for r=0.    

The Trouiller-Martins method gives very similar results to the BHS method. The main 

difference is that in the Hammann method the cut-off radii are smaller and the pseudo-wave 

function approaches the valence wave function exponentially beyond r; on the other hand the 

equality is strict in the Trouiller-Martins method [12]. For this reason, the Trouiller-Martins 

approach allows to obtain smoother pseudopotentials for 2p, 3d, 4d, 5d electrons, which gives 

it an advantage for the study of elements with localized orbitals.    

          

III.1.2.b. Ultra-soft pseudo-potential. 

                   The ultra-soft pseudo-potential means that the development of valence wave 

pseudo-functions must be done using few plane waves. The pseudo-potential was proposed by 

Vanderbilt [11], their main advantages, compared to those with conserved norms, are a much 

faster convergence with a lower number of plane waves and thus a lower energy of cutoff 

equation  III.4 . On the other hand, their construction is more complex and their use in a 

numerical computation code requires additional routines and thus an increased programming 

time and complexity. 

 

III.1.3. Generation of pseudo-potential 

                  The generation of a pseudo potential is done in two steps:  

 Firstly an "all-electron" calculation of the atom alone in a reference atomic 

configuration, usually the ground state. 
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 Secondly the pseudization of the "all-electron" wave functions obtained, in order to 

generate the parameters of the pseudopotential. During this last process, a number of 

conditions are verified : 

-The energies of the "all-electron" and "pseudo-electron" eigenstates are equal; 

-The "all-electron" and "pseudo-electron" wave functions are identical beyond the cut-off 

radius rc ; 

-The logarithmic derivatives of the "all-electron" and "pseudo-electron" wave functions 

calculated in rc are equal for the state energies. 

Procedure of calculation 

The "all-electron" calculation is performed in the DFT formalism, using an exchange-

correlation functional (LDA or GGA), and in a relativistic way [13] or not. The calculation 

being centrally symmetric, the resolution is done on a radial grid. It is therefore necessary to 

specify several parameters for this part: 

-  The atomic number of the atom. 

- The exchange-correlation functional must be in agreement with the calculation made 

afterwards. 

- The relativistic effects on the core electrons can be taken into account, and this is done when 

generating the pseudo-potential. 

- The accuracy of the radial grid, gives the accuracy of the calculation, but has little impact on 

the speed of the pseudopotential. 

- The electronic configuration reference is in general the unpolarized ground state. 

In summary, this method introduces as the only approximation that the atomic environment 

does not influence the core electrons. This is called the frozen core approximation. This 

approximation can cause significant errors in the case of energy calculations with extraction 

of a core electron. Even if it is possible from the APW formalism to take into account the 

relaxation of core electrons, as shown by M. Marsman in 2006 [14]. 

III.1.4. Presentation of the CASTEP code 

                     The CASTEP software (Cambridge Serial Total Energy Package) developed by 

the Condensed Matter Group at the University of Cambridge U.K. in 1988 by Payne et al [15-

2]. It is a program that uses density functional theory (DFT) to simulate properties, interfaces 

and surfaces for a wide range of material classes. Based on the Pseudo-potential, plane wave, 

total energy methods, CASTEP uses the number and type of atoms in the system and the 
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periodic properties to predict lattice constants, molecular geometry, structural properties, band 

structure, density of state, charge density, wave functions and optical properties [16]……. etc. 

 

III.2. Full Potential-Linearized Augmented Plane Wave (FP-LAPW) 

method 

III.2.1. Introduction 

                 Among the various methods for calculating the electronic band structure of 

materials, we find the linearized augmented plane wave method (FP-LAPW). The augmented 

plane wave (APW) method, developed in 1937 by Slater [17-18], and after several 

modifications established by Anderson [20], becomes the linearly augmented plane wave 

method (FP-LAPW)). To describe the crystal potential, Slater introduces the Muffin-tin 

potential approximation Figure III.1. Inside the spheres, spherical shaped potentials are used 

against a flat (constant) potential outside, in the outer (interstitial) region Figure
 
III.2: Thus 

the potential is written as: 

  s

s

U( r) for  r  r
U r With r  

0       for  r  r
r

 
  

 
                                            III.7  

 

Figure
 
III.1: The Muffin-tin potential approximation. 
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Figure III.2: Computational regions of the Muffin-tin potential approximation. 

III.2.2. The APW method 

                The APW method was developed by Slater in 1937 [17-18]. Near an atomic 

nucleus, the potential and wave functions are similar to those of an atom they vary strongly 

but almost spherically. Conversely, in the interstitial space between atoms, the potential and 

wave functions are more fluid. Consequently, the space is divided into two regions and 

different basic extensions are used in these regions: 

 Radial solutions of Schrodinger equation inside centered spheres of non-overlapping 

atoms. 

 Planar waves in the other interstitial regions Figure III.3. 

The previous paragraph can be translated by the following mathematical formula: 

 
 

   

0

0

1

r

lm

i G K r

GG

lm llm

e r r

U r Y r r r

C
 

 
   

  
 




                              III.8  

Where   presents the volume of the cell, 
lm

Y the spherical harmonics and 
GC presents the 

coefficients of its development. 

The function  lU r is a regular solution of the Schrödinger equation for the radial part which 

is written in the form: 

 
   

2

2 2

1
0l l

l ld
V r E rU r

dr r

 
     
 

                                III.9  

I: Region of the spheres 

 II: Interstitial region 
III : Region of the void 
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Where 
lE  are the linearization energy and  V r  the spherical component of the Muffin 

potential in the sphere. 

 

 

 

Figure III.3: Diagram of the distribution of the elementary mesh into atomic spheres and 

interstitial region. 

 
   *
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              III.10           

Where lj is the Bessel function. 

The function  lU r  in equation  III.9  is dependent on the linearization energy, and can 

become zero at the surface of the MT sphere. So this observation leads to the separation 

between radial and plane wave functions. This remark is considered as a complication. To 

overcome this problem, several modifications have been made to the APW method, including 

those proposed by Andersen and by Koelling [19-20]. The rectification consists in 

representing the wave function  r  inside the sphere by a linear combination of radial 

function    
lmlU r Y r and their derivative    

.

l
lm

U r Y r  with respect to the energy [20]. This 

was mentioned earlier, and leds to the FP-LAPW method. 

MT sphere MT sphere 

Interstitial region 

r0 
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III.2.3.The FP-LAPW method 

               For a crystal, the space is divided into two regions: 

 The Muffin- Tin spherical region 

 The remaining space, which represents the interstitial region. 

              The basic function of the method (FP-LAPW) has plane waves in the interstitial 

region and harmonic spherical in the spheres. The basic functions inside the sphere are linear 

combinations of the radial functions    
lmlU r Y r and their derivatives    

.

l
lm

U r Y r with 

respect relative to energy. 

The function satisfies the following equation: 

 
     

2 2 2 .

2 2

1

2 2
ll l

l ld
V r E rU r rU r

m dr m r

 
     
 

            III.11  

So ; Les fonctions sont définies exactement comme dans la méthode APW mais avec un   fixe      

where the combination of radial functions lU and 
.

l
U ensures continuity with the wave plane 

of the interstitial region on the surface of the MT sphere. 

The augmented wave functions are then used as the basis functions of the FP-LAPW method 

[22], so we have: 
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               III.12  

 

where: lm  are coefficients corresponding to the function  lU r  . 

where: lmB  are coefficients corresponding to the function  
.

l
U r  . 

III.2.4. The LAPW method 

              The linearized augmented plane wave (LAPW) method is an improvement of the 

APW method. This method uses a mixed basis, which is more efficient than a plane wave 

basis. However, it brings additional complications that make the calculation of the elements of 

the coefficient matrix more difficult. 
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Inside the spheres, the LAPW functions are a better fit than the APW functions, in fact if 

lE differs a bit from the band energy E, the obtained results of the linear combination of the 

reproduce radial function are better than the APW functions taken alone: 

          
.

2
, , ,l l l l l l lU E r U E r E E U E r O E E                                  III.13  

Where   2

lO E E  is the squared error in energy. 

In this method, the calculations lose some accuracy compared to the APW method whose 

wave functions are more correct. The FP-LAPW method causes an error  
2

lO E E  on the 

wave functions and another on the band energy of order  
4

lO E E . Despite these minor 

drawbacks, the LAPW functions are a good basis -with a single El- to obtain all the valence 

bands in a rather large energy range. However, it is possible to divide the energy range into 

several energy windows, each corresponding to an El-energy where the solution will be 

obtained separately [21]. 

III.2.5. The LAPW+LO method 

             The development of the LAPW method in local orbitals (LO) consists in modifying 

the orbitals of its basis to avoid the use of several windows, by using a third category of basic 

functions. The principle is to treat all the bands from a single energy window [22-23]. Singh 

[24] gave these orbitals, as a linear combination of two radial functions corresponding to two 

different functions. 

 
       

0

0

0

, , ,lm l lm l l l l lm

r r
r

A U r E B U r E ClmU r E Y r r r

  
   

      

      III.14  

 

Where the coefficients Clm  are of the same nature as the coefficients lmA  and lmB defined 

previously. A local orbital is defined for a given l, m and for a given atom (in the unit cell, all 

atoms being considered and not only the in equivalent atoms). This improvement of the 

LAPW method is at the origin of the success of the linearization method based on the LAPW 

method insofar as it allows the extension of this original method to a much larger class of 

compounds. 
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III.2.6. The APW+lo method 

              The problem encountered in the APW method consists in the energy dependence of 

the set of basic functions. This dependence could be eliminated in the LAPW+LO method but 

at the cost of a larger basis size, and thus both APW and LAPW+LO methods acquire a 

significant limitation. Sjösted, Nordström and Singh [24-25] made an improvement by 

realizing a basis that combines the advantages of the APW method with those of the 

LAPW+LO method. This method is called "APW+lo" and corresponds to an energy-

independent basis (as was the LAPW+LO method) that requires only a very small amount of 

plane-wave cutoff energy compared to that required in the APW method. It consists in using a 

standard APW basis but considering U(r) for a fixed energy El in order to keep the advantage 

brought by the linearization of the eigenvalue problem. However, a fixed energy basis does 

not provide a satisfactory description of the eigenfunctions, local orbitals are also added to 

ensure variation flexibility in the radial basis functions. An "APW+lo" basis is defined by 

combining the following two types of wave functions: 

 APW plane waves with a set of energies El . 

 Local orbitals differ from those in the LAPW+LO method defined by: 

 
     

0

0

0

, ,lm l lm l l lm

r r
r

lm A U r E B U r E Y r r r

  
   

     
           

 III.15  

       

III.2.7. The mixed base LAPW/APW+lo 

                In the calculation, a mixed LAPW and APW+lo basis can be used for different 

atoms and even for different values of the l number. In general, slowly converging orbitals 

(like the 3d states of transition metals), or atoms with a small sphere size are described with 

the APW+lo basis and the rest with a LAPW [25]. 

III.2.8. Presentation of the Wien2k code 

              In this work, we used the FP-LAPW method, as implemented in the Wien2k code. 

The Wien2k code [26] consists of a set of programs developed by Blaha and his collaborators 

at the Institute of Materials Chemistry at the Technical University of Vienna [27]. It consists 

of different independent programs (see figure III.4) which are linked by a C script. Shell: 

NN: This is a program that gives the distances between nearest neighbors, which helps to 

determine the atomic radius of the sphere. 

SGROUP: calculates the symmetry points and the space group of the introduced structure. 
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SYMMETRY: It generates the space group symmetry operations, determines the point group 

of individual atomic sites, generates the LM expansion for the lattice harmonics and 

determines the local rotation matrices. 

INSTGEN LAPW: allows to define the spin polarization of each atom is very important for 

polarized spin calculations and in particular for antiferromagnetic cases; where it is required 

to invert the spin of AFM atoms and/or to fix the spin of non-magnetic atoms. 

LSTART: A program that generates atomic densities and determines how different orbitals 

are treated in the band structure calculation, such as valence or core states with or without 

local orbital’s 

KGEN: It generates a k mesh in the Brillouin zone. 

DSTART: It generates a starting density for the SCF cycle by superimposing the atomic 

densities generated in LSTART. 

 Then a consistent self cycle is initialized and repeated until the 

convergence criterion is verified. This cycle consists of the following steps: 

LAPW0: Generates the potential for density. 

LAPW1: Compute valence bands, eigenvalues and eigenvectors. 

LAPW2: Compute the valence densities for the eigenvectors. 

LCORE: Calculates core states and densities. 

MIXER: Mixes the input and output densities. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



                                                                                                              Classes of Potentials 
 

 

Chapter III 

 

 

 

Chapter III 

 

 

 

37 

  

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                                 

                                                                                       

                                                                                 

 

 

 

Figure III.4: The flowchart of the Wien2k code programs. 
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IV.1. Methodology  

All ab initio computations were executed employing two complementary codes within 

density functional theory (DFT). Structural optimization and elastic constants are proceeded 

through the pseudo-potential plane-wave (PP-PW) process as incorporated in the Cambridge 

Serial Total Energy Package (CASTEP) of Materials Studio [1]. The generalized gradient 

approximation in the scheme of Perdew et al., also recognized as GGA-PBEsol [2] are 

adopted to estimate the exchange–correlation effects. The GGA-PBEsol functional has been 

specially developed to enhance the exchange-correlation potential accuracy in solids. 

Vanderbilt-type ultra-soft pseudo-potential [3] was used to simulate the potential visible by 

the electrons of valence due to the frozen-core electrons and the nucleus. The following 

electron states: Sr -4s2 4p6 5s2, Ca- 3s2 3p6 4s2, Ge-4s2 4p2, Si-3s3 3p2 and N-2s2 2p3 are 

delighted as valence states. A plane-wave cut-off energy of 450 eV and Monkhorst-Pack 

scheme [4] with 9 × 9 × 3 k-point mesh to specimen the Brillouin zone (BZ) are chosen to 

guarantee a total energy convergence of 5 × 10-6 eV/atom.  

IV.2. Structural properties 

The title compounds adopt a monoclinic crystal structure and belong to space group 

C2/c (N◦:15), which has four unit formula per unit cell (Z = 4) [5-6]. These materials’ crystal 

structure have the ability to be characterized as two edge-sharing (Si/Ge)2N6 tetrahedron 

surrounded by (Ca/Sr) atoms. A ball-and-stick representation of Ca5Si2N6 and Sr5Ge2N6 

conventional unit cell is displayed in Fig. 1. Full geometry optimization were obtained via the 

Broyden–Fletcher– Goldfarb–Shanno (BFGS) algorithm [7] that is known as the faster path to 

detect the low-energy structure. Geometrical relaxations are executed with the convergence 

criteria: (i) overall energy tolerance of 5 × 10-7 eV/atom, (ii) extreme ionic Hellmann–

Feynman force, of 0.01 eV/Å, (iii) maximum atomic displacement of 5 × 10 -4Å and (iv) 

higher allowed stress of 0.02. GPa. 
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Figure IV.1: Conventional unit cell of Ca5Si2N6 and Sr5Ge2N6. 

IV.2.1. Structural parameters of the ground state 

As a first step towards the prediction of the physical properties of the Ca5Si2N6 and 

Sr5Ge2N6 materials, the structural parameters were optimized at ambient pressure using the 

parameters mentioned previously. The initial structural data were taken from the reference [5-

6]. The calculated structural parameters (a, b, c, β ° and V) of Ca5Si2N6 and Sr5Ge2N6 are 

summarized in Table IV.1, along with the available experimental data for comparison. For 

both compounds, it is found that the calculated and experimental lattice parameters coincide 

very well. The maximum deviation was calculated using the following formula: 

 d(%)= Calculated value-Measured value *100 /( Measured value)   

The calculated lattice parameters deviate from experimental ones by about 0.8%. However, it 

should be noted that the equilibrium volumes of Ca5Si2N6 and Sr5Ge2N6 were underestimated 
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by about 2.3% and 1% respectively. Substitution of Ca and Si by heavier atoms (Sr and Ge 

respectively) leads to an increase in the equilibrium volume of about 18% from 729.83 Å3 for 

Ca5Si2N6 to 896.33 Å3 for Sr5Ge2N6, the latter being due to the larger ionic radii. The trend of 

increasing cell volume V in the examined crystals is consistent with the corresponding lattice 

expansion (a, b and c). 

Table IV.1: Calculated lattice constants (a, b and c in Å), angle between a and c axes (β in °), 

unit-cell volume V (in Å3) compared with existing work, for the ternary nitrides Ca5Si2N6 and 

Sr5Ge2N6. 

  a b c β  V  

Ca5Si2N6 

Present work 9.759 6.004 12.657 100.27 729.83  

Expt.[21] 9.836 6.052 12.757 100.20 747.40 

Sr5Ge2N6 

Present work 10.342 6.530 13.486 100.27 896.33  

Expt.[22] 10.408 6.521 13.565 100.29 905.80  

 

IV.2.2. Equation of state of Ca5Si2N6 and Sr5Ge2N6  

The variations of the total energy of Ca5Si2N6 and Sr5Ge2N6 as a function of their 

volumes are shown in Figure IV.2. In order to determine the bulk modulus 0B  and its first 

pressure derivative 
'

0B  of the two compounds at equilibrium, the E(V) diagrams were fitted 

by the third order of Birch-Murnaghan equation of state (EOS) given by the following 

expressions: 

3 2
2 2 2

3 3 3
'0 0 0 0 0

0 0

9
( ) 1 1 6 4

16

V B V V V
E V E B

V V V

      
                                       

                       ( IV.1) 

The values of 0E , 0V , 0B and 
'

0B , obtained by the GGA -PBEsol  approximation, are 

given in Table IV.2. We found that the bulk modulus 0B  of Ca5Si2N6 is higher than that of 

Sr5Ge2N6 confirming that the bulk modulus is inversely proportional to the 

volume  0 5 2 6 0 5 2 6 0 5 2 6 0 5 2 6(Ca Si N )>  (Sr Ge N )  and   (Ca Si N )<  (Sr Ge N )B B V V .  
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The calculated bulk moduli using the EOS are used to check the consistency and reliability of 

the present calculations by comparing them with their corresponding ones, which will be 

calculated later from the elastic constants. 

Table IV.2: Total equilibrium energy E0, equilibrium volume 0V , bulk modulus 0B  and its 

first pressure derivative 
'

0B  for Ca5Si2N6 and Sr5Ge2N6 obtained from the  Birch-Murnaghan 

equations of state E(V). 

 

Ca5Si2N6  Sr5Ge2N6 

0E (eV)  -13699,23057  -12036,42472 

          0V (Å3)  364,84018  448,18414 

         0B (GPa) 100,42378  78,07899 

        
'

0B  4,33834   5,08142 
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Figure IV.2: Variation of total energy as a function of unit cell volume of Ca5Si2N6and 

Sr5Ge2N6, obtained with GGA -PBEsol. 
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IV.2.3. Thermodynamic stability 

To investigate the chemical and structural stability of the studied compounds, the cohesive 

energy  and the formation enthalpy  were estimated according to the following 

equations [8]: 

      (IV.2) 

                   ( IV.3) 

Here, ,  and  are the number of Ca, Si and N atoms in the primitive cell of 

Ca5Si2N6 and its total energy;  ,   and  denote the total 

energies of isolated Ca, Si and N atoms, respectively; ,  and  represent the total 

energies per atom of the pure element Ca ,Si and N in bulk form. The two energy definitions 

for the other material (Sr5Ge2N6) are identical. As shown in Table IV.3, the obtained cohesive 

energy and formation enthalpy values are negative, indicating the thermodynamic stability of 

the examined crystals at normal conditions of pressure and temperature. Further, Ca5Si2N6 is 

more stable than Sr5Ge2N6 at zero pressure and temperature due to lower negative cohesive 

energy and formation enthalpy. 

 

Table IV.3: Calculated cohesive energy and enthalpy of formation values (eV/atom) (for the 

ternary nitrides Ca5Si2N6 and Sr5Ge2N6. 

 Ecoh ΔHf 

Ca5Si2N6 -6.96 -1.54 

Sr5Ge2N6 -6.19 -1.03 

 

For further confirmation of the dynamic stability of the title compounds, the phonon-

dispersion curves along the high symmetry lines in the Brillouin zone were calculated for both 

compounds. As seen from the phonon-dispersion curve of Ca5Si2N6 and Sr5Ge2N6 represented 

in Figure IV.3, the dispersion branches have positive frequencies at any vector, implying that 

the compounds of interest are dynamically stable. 
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Figure IV.3: Calculated phonon dispersion along the high symmetry lines in the Brillouin 

zone for Ca5Si2N6 and Sr5Ge2N6 . 

IV.2.4. Pressure effect on the structural parameters of Ca5Si2N6 and Sr5Ge2N6 

We calculated the pressure-dependent of the lattice parameters (a, b, c) , volume and 

the β-angle of the compounds Ca5Si2N6 and Sr5Ge2N6 in the pressure range from 0 to16 GPa 

with a step of 2 GPa. The performed calculations show that a, b and c for Ca5Si2N6 and 

(Sr5Ge2N6) decrease by 3.74% (4.2%), 4.75% (6.66%) and 3.25% (3.12%), respectively ( see 

Figures: IV.4, IV.5 and IV.6). However, the change in the angle β is small by 1.08% and 

1.25% for Ca5Si2N6 and Sr5Ge2N6 respectively. However, all the structural parameters, the 

angle and the volume can be approximated fairly well by second order polynomials as 

following: 

2

0/ 1X X A P B P                                                            (IV.4) 

Where X represents the lattice constants a, b, c and the volume V and β-angle at a 

pressure P, and X0 is the corresponding values at zero pressure. We can see from the Figures: 

IV.4 and IV.5 that a/a0, b/b0 and c/c0 and V/V0 decrease with increasing pressure according to 

the following expressions: 
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While, the β/β0 increases slightly with increasing pressure according to the following 

expressions (see Figure: IV.6); 

5 2 6

5 2 6

-4 -5 2
0

-5 2
0

/ 1 9.3166 10 1.68518 10

/ 1 0.001 1.38634 10

Ca Si N

Sr Ge N

P P

P P

 

 

    

   
 

From Figure IV.4, it can be observed that b/b0 decreases faster than a/a0 and c/c0, 

indicating that the considered compounds are less compressible along the [001] and [100] 

crystallographic directions than along the [010 ] directions, i.e. the greatest compressibility is 

observed along the crystallographic b axis. These materials are slightly less compressible 

along the [001] direction than along the [100] direction, i.e., the least compression occurs 

along the c axis. This result suggests that the chemical bonds along the b-axis are less strong 

than those along the a- and c-axes. 
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Fi

gure IV.4: Calculated pressure dependence of the normalized lattice parameters ratio, a/a0, 

b/b0 and c/c0 for the Ca5Si2N6 and Sr5Ge2N6 compounds. Solid lines are least squares second-

order polynomial fits of the data points. 
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Figure IV.5: Calculated pressure dependence of the normalized unit-cell volume, V/V0 for the 

Ca5Si2N6 and Sr5Ge2N6 compounds. Solid red lines are least squares second-order polynomial 

fits of the data points. 
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Figure IV.6: Calculated pressure dependence of the normalized angles ratio, β / β0 for the 

Ca5Si2N6 and Sr5Ge2N6 compounds. Solid lines are least squares second-order polynomial fits 

of the data points. 

IV.3. Elastic properties 

The reciprocal relation between elastic properties and many other fundamental 

physical properties, from microscopic level (electronic properties, bond stiffness, etc.) to 

macroscopic level (dislocation, compressibility, etc.) gives the investigation of elastic 

properties a crucial importance in many fields of materials research [9-11]. Recently, DFT 

approaches allow us to predict reliable results for the elastic properties of a large scale of 

materials [12-14]. 

The elastic constants (Cijs) of Ca5Si2N6 and Sr5Ge2N6 were evaluated by employing 

the well-known finite strain method [1]. This technique encompasses enforcing a combination 

of similar deformations with a restricted worth and calculating the resulting stress with regard 

to optimizing the structure of the crystal, as implemented by Milman and Warren [15]. The 

polycrystalline elastic aggregate moduli and attached properties were obtained via the single-

crystal elastic constants Cij over the Voigt-Reuss-Hill approximations [16–18]. 
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IV.3.1. Single-crystal elastic constants 

The calculated elastic properties of the monoclinic systems for Ca5Si2N6 and Sr5Ge2N6 

materials at zero pressure and for the optimized crystal are characterized by thirteen 13 

independent elastic constants [19], namely, C11, C22, C33, C44, C55, C66, C12, C13, C15, C23, C25, 

C35 and C46 are summarized in Table IV.4. There are no experimental or theoretical data for 

the elastic constants of Ca5Si2N6 and Sr5Ge2N6 in the scientific literature to compare with our 

findings. 

Table IV.4: Calculated independent single-crystal elastic constants (Cij, in GPa) for the 

Ca5Si2N6 and Sr5Ge2N6 compounds. 

 C11 C22 C33 C44 C55 C66 C12 C13 C15 C23 

Ca5Si2N6 181 128 213 58 55 53 84 36 -14 80 

Sr5Ge2N6 147 95 158 41 40 35 61 38 -4.84 69 

 C25 C35 C46 

Ca5Si2N6 -0.30 -18 -10 

Sr5Ge2N6 -5.57 -8.57 -7.82 

 

From Table IV.4 we can depict the following conclusions: 

1. The calculated elastic constants Cij for both considered materials satisfy the 

mechanical stability criteria for monoclinic structures [19]. 

ii IV.5)C  > 0; i = 1; 2; 3; 4; 5; 6                        (
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2 2 2
11 22 33 11 23 22 13 33 12 12 13 23g C C C C C C C C C C C C     .                                       (IV.10) 

Thus, we can assert that the monoclinic Ca5Si2N6 and Sr5Ge2N6 materials are in a 

mechanically stable state. 

2. The elastic constants C11, C22 and C33 reflect the stiffness to uniaxial strains along the 

crystallographic a-axes ([100]), b-axes ([010]) and c-axes ([001]). So that C33 > C11 > 

C22, suggesting that the crystal structures of Ca5Si2N6 and Sr5Ge2N6 should be more 

easily compressible along the b axis than along a and c axes. 

3. The values C44, C55 and C66 (which reflects the stiffness to shear deformation) are 

lower than the stiffness to uniaxial strain (i.e.: C11, C22 and C33) by about 60%, 

suggesting that Ca5Si2N6 and Sr5Ge2N6 are more resistive to unidirectional 

compression than to shear deformation. Additionally, it is important to mention here 

that Ca5Si2N6 has a higher stiffness compared to Sr5Ge2N6. 

IV.3.2. Polycrystalline elastic properties 

Large single crystals are often difficult to get at the moment, making it impossible to 

quantify the individual elastic constants. Instead of measuring Cij, the bulk modulus B and 

shear modulus G can be evaluated experimentally on the polycrystalline samples, and then 

used to define the mechanical properties of the material. These two macroscopically 

measurable quantities (B and G) can be theoretically calculated by a special averaging of the 

independent elastic constants Cij of the monocrystalline phase. The Voigt–Reuss–Hill 

homogenization methods were used to estimate the B and G moduli [16-18]. Voigt and Reuss 

approximations are known to give respectively higher and lower values for B and G, while 

Hill approximation take the arithmetic mean of these two limits. Hill’s values give as effective 

moduli in practice for polycrystalline samples [16-18]. Therefore, we have adopted here the 

Hill’s approximation [18] to evaluate the polycrystalline elastic module for the titled 

compounds, which is defined as follows: 

2
V R

H

B B
B


                                                      (IV.11)  

2
V R

H

G G
G




                                                   
 (IV.12) 

The definitions of the BV, BR, GV and GR bounds for a monoclinic structure: 
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The computed values of bulk and shear moduli were used to evaluate the Young’s 

modulus E and Poisson’s ratio by using the following relations: 

19 (3 )E BG B G                                                                    (IV.14)          

    
1

= 1/ 2 3 2 3B G B G


                                                  (IV.15) 

The obtained values of the above-mentioned parameters for the herein considered 

materials are summarized in Table IV.5. It is well known that a material's stiffness can be 

assessed by looking at its bulk modulus, which measures the resistance to volume change 

under hydrostatic pressures, shear modulus G, which represents the resistance to reversible 

deformation under shear stress, and Young's modulus E, which measures the ratio of linear 

stress to linear strain in the case of tensile forces. 

Table IV.5: Calculated Bulk modulus (B, in GPa), shear modulus (G, in GPa), Young’s 

modulus (E, in GPa), B/G ratio and Poisson’s ratio (ν, dimensionless) for Ca5Si2N6 and 

Sr5Ge2N6 compounds. 

 BV BR BH GV GR GH E B/G   

Ca5Si2N6 102 100 101 55 45          50 129 2.02 0.29 

Sr5Ge2N6 82 79 80.5 39 33 36 95 2.2 0.3 
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According to the values in the Table IV.5, we can obtain the following conclusions: 

1. The bulk modulus (B) values obtained the calculated single-crystal elastic constants 

are in good agreement with those calculated from the EOS fitting.  

2. The bulk modulus B decreases with increasing atomic number Z of the atoms in the 

compounds Sr5Ge2N6 and Ca5Si2N6; it means that the Sr5Ge2N6 compound is more 

compressible than the other compound (Ca5Si2N6). 

3. The isotropic elastic moduli B, G and Young’s modulus (E) has relatively large 

values, reflecting the relatively high stiffness of the considered materials. The 

calculated hardness is about 4.7 GPa for Sr5Ge2N6 and 6.6 GPa for Ca5Si2N6 materials. 

4. The B value is practically twice the value of G; this implies that the parameter limiting 

the mechanical stability of these materials is the shear modulus. 

5. Additionally, Bulk and shear module provide information regarding the malleability of 

materials through Pugh's empirical criterion B/G [20]. According to this criterion, if 

B/G smaller than 1.75, a brittle behavior is predicted; otherwise, the material behaves 

in a ductile manner. The examined compounds have Pugh's ratios greater than 1.75, 

indicating that these materials are ductile and will be resistant to thermal shocks.  

6. In this context, the failure mode (ductility/brittleness) can also be predicted via the 

Poisson’s ratio with a critical value of υ=0.26 [21-22]. If υ is greater (less) than 0.26, a 

material undergoes ductile (brittle) failure. The υ values of Ca5Si2N6 and Sr5Ge2N6 are 

equal to 0.29 and 0.30, implying again their ductile nature. This good agreement 

confirms the reliability and accuracy of the current calculations. Poisson’s ratio 

appears as an effective tool to assess the nature of chemical bonding in crystals [23]. 

The value of the Poisson’s ratio υ is equal to 0.33 for completely metallic materials, 

whereas for purely ionic compounds, a typical value of υ is 0.25. Based on these 

conditions, the stability of the studied materials are maintained by a mixture of 

metallic and ionic bonds. 

IV.3.3. Debye temperature and acoustic wave velocities 

To provide a thorough description of the mechanical properties, the Debye 

temperature θD of the tested materials were estimated from the isotropic average sound 

velocity  via the following expression [24]: 

1/3

(IV.16)
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Where h is Plank’s constant, kB is Boltzmann’s constant, n is the number of atoms in 

the molecule, NA is Avogadro’s number,   is the density and  is the molar mass. In a 

polycrystalline material,  can be computed using the longitudinal and transversal sound 

wave velocities (  and ) [24-25] as follows :  
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                                                       (IV.19) 

Where  and  are the DFT calculated bulk and shear moduli. Recently, the material’s 

Debye temperature TD is considered as the most reliable proxy for phosphor materials, due to 

its proportionality to the structural rigidity, it is often connected to thermal quenching 

mechanisms and quantum yield [26-29]. As a result, this has even been included into machine 

learning algorithms to seek for new promising phosphor materials [30-31]. According to 

Table IV.6, Ca5Si2N6 has the highest Debye temperature (> 500K), confirming that it is 

suitable for use as a phosphor material [26, 30-31]. In contrast, the nitridogermanate has a 

lower Debye temperature value (360K) due to its substitution with heavier cations, resulting 

in lower the overall phononic contributions. 

Table IV.6: Calculated density (ρ in g/cm3), longitudinal, transverse and average sound 

velocities ( lV , tV and mV , respectively in m/s) and Debye temperature (θD in K) for the 

monoclinic of Sr5Ge2N6 and Ca5Si2N6 materials.   

   
lV  tV  mV  θD 

Ca5Si2N6 3.09 7371 4032 4443 548 

Sr5Ge2N6 4.9 5116 2716 3003 346 

  

IV.3.4. Elastic anisotropy 

Another intriguing physical parameter related to the elastic properties of solids is the 

elastic anisotropy, which reflects different bonding natures in different crystallographic 
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directions. The crystal anisotropy plays an important role in many mechanical properties of 

solids, such as elastic instability, phase transformations, dislocation dynamics, etc.. Moreover, 

micro cracks can be easily induced in materials with significant elastic anisotropy; thus to 

improve their mechanical durability, it is important to evaluate their elastic anisotropy [32]. 

At present, to accurately quantify the elastic anisotropy for the investigated materials, we have 

used three different; 

1. The percentage of elastic anisotropy in compression AB and shear AG proposed by 

Chung and Buessem [33]: , which is commonly used to estimate crystal elastic 

anisotropy, is defined by the following formulas : 

v R
B

v R

V

B B
 = 100 (IV.20)

B B
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 = 100 (IV.21)R
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The higher the percentage, the greater the anisotropy in the crystal. 

Zero value for AB and AG corresponds to elastic isotropy, while a value of 100% is 

associated with the largest possible anisotropy. According to Table IV.7 data, both 

materials exhibit a large anisotropy in shear and compression. 

2. A truest representative of the elastic anisotropy is the universal anisotropic index AU 

proposed by Ranganathan et al. [34] defined as:   

V v

R

G B
5 6

B
U

R

A
G

  

                         

 (IV.22) 

For perfect isotropic crystals, AU is equal to zero ( ); the deviations of AU from 

zero define the anisotropy level of a crystal. The estimated values of AU are found to 

be 1.03 for Ca5Si2N6 and 0.785 for Sr5Ge2N6, revealing a significant elastic anisotropy 

for both compounds. 

Table IV.7: Calculated anisotropy in compression ( BA ), anisotropy in shear ( GA ) and 

the anisotropy universal index 
UA for the Ca5Si2N6 and Sr5Ge2N6 compounds. 

 BA (%) GA (%) UA  

Ca5Si2N6     1.2962    9.13     1.03 

Sr5Ge2N6    1.8468    6.97     0.785 
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3. The representation in three dimensions (3D) of the surface representing the 

variation of an elastic modulus with the crystallographic directions is a very effective 

method for the visualization of the elastic anisotropy of a crystal. In an isotropic 

crystal, this closed surface has exactly a spherical shape. Any deviation from the 

spherical shape of this surface indicates the presence of elastic anisotropy and its 

magnitude is proportional to the degree of deviation from the spherical shape of this 

surface. The dependence of Young's modulus E and linear compressibility β on crystal 

directions for a monoclinic system is given by the following relationships [35]: 

4
2 15 22 23 1 3 25 3 33 44 1 3 46

2 3 2 3
551 2 1 2 66

4 2 2 2 2 3 4 2 3 2 2 3 2
1 11 1 2 12 1 3 13 1 2 2 2 2 2 3 22 2 2 2 2 2

( IV.23)
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Here, l1, l2 and l3 are the directional cosines with respect to the x-, y- and z-axes, 

respectively, and the Sij refer to the compliance constants. 

Fig. IV.7 and Fig. IV.8  Illustrates three-dimensional representation of the directional 

dependence of the Young’s modulus E and linear compressibility β together with its cross 

section in the (X= Y) Z, XY, XZ and YZ crystallographic planes for Ca5Si2N6 and Sr5Ge2N6 

materials respectively. from Fig. IV.7 (Fig. IV.8), one can note the appreciable deviation of 

the 3D representation of the Young’s modulus and linear compressibility from the spherical 

shape in both studied materials, we can therefore conclude that the materials studied exhibit a 

pronounced elastic anisotropy. To better understand the origin of the changes in Young's 

modulus and compressibility modulus along different directions, we also visualize them along 

the (X= Y) Z, XY, XZ and YZ planes of Figs.  IV.7 and IV.8 From these cross-sectional 

sections, we can see that Young's modulus linear compressibility β shows less anisotropy in 

the YZ plane compared to the other planes for Ca5Si2N6. We can see clearly from Figs. IV.7 

and IV.8 that Sr5Ge2N6 is more anisotropic in compression than Ca5Si2N6 
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Figure IV.7: Illustration of the directional dependence of Young’s modulus E and their cross 

sections in various planes for the Ca5Si2N6 and Sr5Ge2N6 materials. 
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Figure IV.8: Illustration of the directional dependence of the linear bulk modulus and their 

cross sections in various planes for theCa5Si2N6 and Sr5Ge2N6 materials. 

IV.4. Electronic properties 

Knowing the Debye temperature of a crystal structure alone is insufficient to assess 

the potential suitability of Ca5Si2N6 and Sr5Ge2N6 as luminescent materials. A wide band gap 

(Eg) is also essential when screening for new phosphors [30-31,36]. Therefore, the electronic 

properties of the herein studied compounds were investigated through their band structure, 

total and partial density of state (TDOS and PDOS). Various first–principles approaches have 

been used to examine electronic properties and highlight the atomic contribution to the band 

structure curves. 
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It is well established that the common generalized gradient approximation calculation 

(we used the PBEsol [2] flavor of GGA) consistently underestimates the energy-gaps of 

semiconductors and insulators by about 30–50% [37–39] compared to the experimental ones. 

This band-gap problem arises because conventional approaches such as GGA and LDA 

cannot characterize precisely the agitated electronic states. To address this deficiency and 

acquire credible energy-gap amounts for semiconductors and insulators in comparison to a 

experimental ones, some advanced XC functionals have been developed, including hybrid 

functionals [40], the GW approximation [41], and the Tran-Blaha altered Becke-Johnson (TB-

mBJ) potential [42-43]. Compared to the other approaches stated above, the TB-mBJ planner 

is computationally less expensive and provides energy band gaps that are nearly equal to the 

experimental ones with an extremely lower counting time [42-43]. For this reason and in 

addition to the GGA-PBEsol, the optoelectronic and thermoelectric properties of the 

examined materials have been studied by employing the TB-mBJ functional as embedded in 

the WIEN2k code [44]. The schedule bundle WIEN2k [44] is an accomplishment of the full 

potential linearized augmented plane wave (FP-LAPW) formalism within the DFT 

framework. In the FP-LAPW approach, the unit cell is split into non-overlapping muffin-tin 

spheres (MTS) separated by a space known as the interstitial region (IR). In the MTS, the 

wave functions have been expanded using a linear collection of radial atomic functions with 

spherical harmonics, whereas in the IR, a plane wave foundation collection is employed. A 

plane-wave cutoff parameter RMT*Kmax is set to be equal to 7. RMT denoted the slightest 

radius of the muffin-tin sphere and Kmax denoted the biggest k-vector in the plane wave 

extension. The k-integration over the Brillouin zone is computed employing a mesh of 1000 

k-points in the irreducible Brillouin zone, according to the Monkhorst–Pack scheme [4]. 

 

IV.4.1. Electronic band structure 

Figure IV.7 illustrates the calculated energy band structure of Ca5Si2N6 and Sr5Ge2N6 

along the high symmetry directions L(0.5,-0.5,0),M(0.5,-0.5,0.5), A(0.5,0,0), Г(0,0,0),     

Z(0,-0.5,0.5), V(0.5,0,0.5)  in the first Brillouin zone (BZ) (shows fig IV.9   )  using the GGA-

PBE sol and the TB- mBJ methods, respectively. The results show a clear separation between 

the valence band and the conduction band curves, making these compounds as semiconductor 

in nature. Our ab initio calculation within the GGA-PBE so yielded an indirect band gap of 

2.29eV and 1.47eVfor both Ca5Si2N6 and Sr5Ge2N6 respectively. For both compounds, the 

valence band maximum occurs at the V-point and the conduction band minimum occurs at the 

Γ point (see bottom panel of Fig. IV.10). As it is knowing, GGA approaches are usually 
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underestimate the band gap value by about 30% —50%, it follows that the actual band gaps of 

the examined materials should be wider. For the two nitrides, the band profiles calculated 

using the TB-mBJ exchange potential are nearly identical to those of the GGA-PBEsol ones, 

with a distinct variation in their band gap values. As shown in the upper panel of Fig. IV.10, 

the band gap energy shifted from indirect to direct (V→V) for Ca5Si2N6 at a value of 3.55 eV.  

Unlike Sr5Ge2N6, the band gap remains indirect but with a value of 3.15 eV. There is no data 

on the band gap value in the literature to be compared with our findings. Another indication 

that nitridosilicate can be employed as activator induced luminescence (e.g. from Eu2+ or 

Ce3+) is that the band width of the compound is within 3.5-3.8eV [36,45]. This has already 

been proven by J. Huang et al., in their study of the Eu2+ doped Ca5Si2N6 material [46]. 

Contrary to Sr5Ge2N6, when Sr and Ge atoms replace Ca and Si atoms respectively, leads to 

narrowing the Eg value. However, this nitridogermanate may still be appropriate for potential 

optical applications. It is worth to note here that the calculated Eg-mBJ values can be 

improved by partially substituting Li and Mg in Sr5Ge2N6 for the discovery of new nitride 

germinates that may be used as phosphor materials or wide-gap semiconductors [36]. 

 

 

 

Figure IV.9: Brillouin zone of the monoclinic Sr5Ge2N6 and Ca5Si2N6 materials.  

The red line corresponds to the path of the band structure diagram 
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Figure IV.10: Electronic band structure of Ca5Si2N6 and Sr5Ge2N6 using  

(a) TB-mBJ, and (b) GGA-PBEsol method. 

IV.4.2. Density of electronic states (Total and partial) 

To shed light on the nature of the electronic band structure, the diagrams of total and 

atomic site projected densities of states (TDOS and PDOS, respectively) are plotted in Figure 

IV.11. For both crystals, there are three blocks V1,V2 and C1: the first block located around -

4 (-3.25) eV for Ca5Si2N6 (Sr5Ge2N6) is mainly composed of N-p and (Si/Ge)-p states with a 

negligible contribution from (Ca/Sr)-sp states. The second block V2 extending from –3 eV 

and -2.2 eV up to Fermi level for Ca5Si2N6 and Sr5Ge2N6 respectively, originate mainly from 

the N-2p states with a small participation from the (Ca/Sr)-p and (Si/Ge)-pstates. The third 

block C1 above the Fermi level of Ca5Si2N6, comes principally from the unoccupied N(s, p) 

states with few contributions (s, p) states of Si and Ca atoms. The situation is not so different 

in the case of Sr5Ge2N6, where the Sr atoms show a small contribution to the C1 block, and 

the N-2p and Ge-4s states dominate the conduction band followed by the N-2s and Ge-4p 

states. In other words, most electronic transitions should occur between the dominant N states 
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at the edge of the valence band and the unoccupied Ca, Sr, Ge, and N states in the conduction 

band. 

 

Figure IV.11: Total (TDOS) and partial (PDOS) density of state for of Ca5Si2N6 and 

Sr5Ge2N6 using the TB-mBJ functional. 

IV.5. Optical properties 

It's crucial to understand the various ways in which light interacts with matter solid 

state physics, such as absorption, transmission, reflection, and scattering emission. Studying 

these properties provide significant information about the internal structure of these 

compounds.  

The optical properties of a material can be accessed through the complex dielectric 

function ε(ω) = ε1(ω)+ iε2(ω), which is directly related to the linear response of matter to 

incident radiation. The second term ε2(ω) of the complex dielectric function, which describes 

the absorption of the incident radiation by the material, can be evaluated by summing all 



 

 

Chapter IV 

 

 

                                                                                                                     Results and Discussions 

63 

possible direct electronic transitions from occupied bands to vacant states [47]. The ε1(ω) 

term, which characterizes how the material scatters or redirects the incoming light waves, can 

be derived from the ε2(ω) via the Kramer–Kronig transformation [48]. All the frequency-

dependent optical functions, such as the absorption coefficient α(ω), optical reflectivity R(ω), 

extinction coefficient k(ω), refractive index n(ω), and energy-loss spectrum L(ω), can be 

calculated using the complex dielectric function ε(ω). To achieve more accurate calculations, 

a dense k-point mesh of 12000 is employed for determining the optical properties of Ca5Si2N6 

and Sr5Ge2N6. 

IV.5.1. Dielectric function 

The calculation of the dielectric function     is necessary to describe the behavior 

of Ca5Si2N6 and Sr5Ge2N6 subjected to the influence of external electromagnetic wave. The 

dielectric function     is a complex function which is directly related to the energy band 

structure of solids, while other optical properties are derived from this function. The dielectric 

function     is defined as: 

  
     1 2                                (IV.25)                                                                                           

 1  The real part (called the dispersive part) characterizes the dispersion of 

electromagnetic radiation by the material. 

 2   The imaginary part characterizes the absorption of electromagnetic radiation 

by the material , it can be calculated from the energy bands by summing all possible direct 

transitions between occupied and unoccupied states, taking into account the transition 

probabilities and respecting the selection rules [49]. 

To characterize all the optical properties, it is sufficient to calculate the imaginary part 

of the dielectric function. We have [49]: 
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Where:

 

 V is the unit cell volume, e  is the electronic charge, kn is the initial state and kn′ is the final 

state, p is the momentum operator, knf  is the Fermi distribution function, The 
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product  '

2
' 1kn kn

kn p kn f f : is the matrix element representing the probability of 

transition between the kn states of the valence band and the kn′ states of the conduction band 

and  is the energy of the incident photon. 

The real part  1  can be calculated from the imaginary part  2  using the relation by 

Kramer-Kronig [50-51]. 
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                                                                                    (IV.28)                                                                                           

Where T is the principal value of the Cauchy integral. 

Figure IV.12 illustrates the curves of the imaginary  2   and real  1   parts of 

the dielectric functions for both Ca5Si2N6 and Sr5Ge2N6, as a function of the photon energy in 

the range, 0-18eV, for three incident light polarizations along [100], [010] and [001] 

directions. 

 

Figure IV.12: Calculated real ε1(ω) and imaginary ε2(ω) parts of the complex dielectric 

function for Ca5Si2N6 and Sr5Ge2N6 compounds for different polarizations of incident 

radiation. 

From figure IV.12, it can be seen that the intensities and energy positions of the main 

peaks in and  are clearly different in the three light polarizations and are smaller 
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for the [100] polarization. This is a clear indication that the complex dielectric functions 

exhibit a noticeable anisotropy for different polarizations [100], [010] and [001]. The 

compound Ca5Si2N6 shows a more significant anisotropy than Sr5Ge2N6, and even its 

absorption edge is slightly shifted towards low energies for the [100] polarization. Using the 

DOS diagrams (Fig. IV.11) and the fact that the imaginary part of the dielectric function, 

, is proportional to the crystal absorption spectrum, it is possible to attribute the 

absorption peaks between 3.25 and 8 eV to the electronic transitions from the filled N-2p 

states to the empty p states of Ca/Sr, Ge/Si and N. 

The static dielectric constant is the most important quantity to be studied in the dispersive 

 spectrum, which defined as the zero-energy value of the real part of the dielectric 

function: . The calculated  values for Ca5Si2N6 (Sr5Ge2N6) are found 

to be 4.31 (4.61) for the [100] polarization and 4.25 (4.53) for the other two polarizations, i.e. 

[010] and [001]. It should be noted that the  values of Sr5Ge2N6 are slightly larger than 

those of Ca5Si2N6. In other words,  is inversely proportional to the band gap value, i.e. a 

smaller energy gap yields a larger value. This agrees well with Penn's model [52]: 

                                                  (IV.29)                                                                                           

where  and  are the energy band gap and plasma frequency, respectively. 

IV.5.2. Absorption coefficient 

The absorption coefficient is an important optical parameter, which evaluates the 

amount of energy of an electromagnetic wave of frequency ( ), absorbed per unit length of a 

medium, where it spreads. The absorption spectrum gives useful information that can be used 

to evaluate certain optoelectronic devices such as sunlight converter. The absorption 

coefficient optical  can be calculated from the dielectric function via the following 

expression[53]: 

       
2 2

1 1 2

2

c
                          (IV.30)                                                                                           

  Panel (a) of Fig IV.13 shows the calculated absorption spectrum of the studied 

compounds in an energy range up to 40 eV for three different polarizations. The absorption 

coefficient  increases quickly when the photon energy is higher than the absorption edge, 

as seen in Fig. IV.13 (a). Note that absorption curves for the three different polarizations of 

the incident radiation start at the same absorption threshold for the Sr5Ge2N6 compound, 
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which indicates that the band edge is isotropic. This is not the case for the Ca5Si2N6 

compound, where the absorption edge along the [100] starts earlier than in the other directions 

([010] and [001]). 

The absorption ranges from 3.6 to 35 eV, with three peaks occurring at around 8.7 

eV,14.3 eV and 28.7 eV for Ca5Si2N6, and from 3.2 to 35 eV, with also three peaks occurring 

at about 4.9 eV, 9.3 eV and 25.3 eV for Sr5Ge2N6. The highest  values are found in the 

[010] direction, reaching 25.2eV) for Sr5Ge2N6and 

(28.7eV) for Ca5Si2N6, demonstrating a significant anisotropy between 

[100], [010], and [001] for the two nitrides. The strong absorptive of electromagnetic waves in 

the ultraviolet range suggests that these compounds are suitable for UV-optoelectronic 

applications. 

IV.5.3. Reflectivity 

Another very important parameter, is the optical reflectivity R (𝜔), it is defined as the 

fraction (amount) of light reflected at an interface. The optical reflectivity R(𝜔) can be 

calculated from the dielectric function via the following relationship[54]: 
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Photon energy dependency of the reflectivity  for Ca5Si2N6  and Sr5Ge2N6 

crystals for three different light polarizations are displayed in Fig. IV.13 (b). One observes 

that there is clear anisotropy in the reflectivity spectra . The static reflectivity 

 were about 15% and 13% for Ca5Si2N6 and Sr5Ge2N6, respectively. Then, 

the reflectivity increases with increasing photon energy to reach a maximum of  at 

 forCa5Si2N6in the [010] direction, and  at  for Sr5Ge2N6 in the same 

direction. After that, the reflectivity decreases rapidly to its minimum level. 

IV.5.4. loss function 

The energy-loss function L (ω) describes the energy lost by a fast electron as it passes 

through a homogeneous material. We have [55]: 
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L (ω) =-Im(1/ ε(ω))= ε2(ω)/ ε1(ω)2+ ε2(ω)2                                                                                       
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Fig. IV.13 (c) depicted the energy loss spectra dependency on the energy of incident 

electromagnetic radiation polarized parallel to the [100], [010] and [001] crystalline 

directions. Bulk plasma frequency , which occurs when  and  reaches the 

zero point, is generally considered to be the primary peak of the  spectrum [56].The 

energy loss function is clearly more pronounced along the [010] and [001] directions and is 

the weakest along the [100] direction. For radiation polarized in the [001] direction, the 

plasma frequency for Ca5Si2N6 (Sr5Ge2N6) is approximately equal to 32.52 eV 

(29.56eV),which is associated with the abrupt reduction in the reflectivity coefficient. 

IV.5.5. Refractive index and extinction coefficient 

One of the most important optical constants is the refractive index, which in general 

depends on the electromagnetic wave length. In the case where an electromagnetic wave lose 

energy during propagation, the refractive index becomes complex. The real part of the 

refractive index n(ω) and the extinction coefficient k(ω) are calculated from  1  and 

 2  using the following equations [54,57]: 
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Figure  IV.13 (d) and (e) present the computed refractive index n(ω) and extinction 

coefficient k(ω) spectra for the investigated materials in the energy range from 0 to 40 eV for 

three polarizations of the incident electromagnetic radiation. It can be seen from Fig.5; panel 

(d) that  curves started from the static refractive index , which are 

2.07, 2.06 and 2.06 for Ca5Si2N6, and 2.14, 2.12 and 2.12for Sr5Ge2N6 along the [100], [010], 

and [001] directions, respectively. Then, increased with the increase of photon energy to 

reach a maximum value in the near-UV spectrum, which is equal to 2.72 at 4.93 eV for 

Ca5Si2N6 and 2.80 at 4.39 eV for Sr5Ge2N6 for the [010] and [100] directions, respectively. 

It should be noted here that the more the refractive index increased in this energy range, the 

more the light beam was refracted. Afterwards,  decreased until it reach its minimum 
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value. The refractive index spectrum has similar structures as the dispersive spectrum 

.The attenuation of electromagnetic waves in a material is directly described by the 

extinction coefficient , which is also referred to as a damping constant attenuation 

coefficient. One notes that the zeroes of  correspond to the local maximum of the 

extinction coefficient . By comparison, the spectra of the extinction coefficient  and 

the absorption  are very similar. 
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Figure IV.13: Calculated optical constants: Absorption coefficient , reflectivity , 

energy loss function , refractive index  and extinction coefficient  for the 

Ca5Si2N6 and Sr5Ge2N6 nitrides for three  different polarizations [100], [010] and [001]. 
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IV.6.Thermoelectric properties 

Thermoelectric (TE) energy conversion, which includes waste heat recovery, is 

commonly recognized as a viable power generation technique. As a result, discovering and 

developing more efficient thermoelectric materials is an active area of research. The 

efficiency of a thermoelectric material in any power generator or cooler is assessed in terms of 

figure of merit ZT. The ZT value can be calculated using the formula: 

                                                    (IV.35)                                                                                           

where  stands for the Seebeck coefficient,  for electrical conductivity,  for absolute 

temperature and  for total thermal conductivity, which involves both electronic ( ) and 

lattice ( ) contributions i.e., [58-60].  

                                                                (IV.36)                                                                                                      

In fact, a good TE material must have a high electrical conductivity, a large Seebeck 

coefficient and a very low thermal conductivity at a given temperature [60]. The transport 

properties of the studied nitrides Ca5Si2N6 and Sr5Ge2N6 are explored using the BoltzTrap 

code along with the constant relaxation time approximation [61]. All thermoelectric 

parameters are estimated in this work at temperatures ranging from 200 to 900 K. 

Furthermore, the band structure, carrier type, and effective mass are all factors that 

influence the magnitude of the thermoelectric characteristics. The carriers (holes and 

electrons) involved in the transport phenomenon are mainly determined by their band gap. It 

is observed that the application of the mBJ approach widens the band gap compared to GGA. 

Therefore, band gap tuning is crucial in determining the Seebeck coefficient. Metals exhibit 

the lowest Seebeck coefficient, whereas insulators exhibit the highest Seebeck coefficient 

[59]. Seebeck coefficient measures the thermoelectric voltage produced by the temperature 

gradient between two ends of a material [62]. The S variation with temperature is plotted in 

Fig IV.14. It is observed that Seebeck coefficient (S) decreases with increasing temperature 

for both crystals. As the temperature increases from 200 to 900 K, the value of S decreases 

from 1686/859 μV/K (200K) to 514/268μV/K (900 K) for Ca5Si2N6 and Sr5Ge2N6, 

respectively. For practical applications TE materials should have a Seebeck coefficient higher 

than , which suggests the good TE behavior of the examined nitrides. Both 

compounds show a positive value of the Seebeck coefficient over the temperature range, 

indicating that the mobility of carriers is due to holes [63]. Moreover, the substitution of the 

Ca atom by the Sr atom has an impact on the Seebeck coefficient, for example at room 
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temperature, for Ca5Si2N6 it was computed to be 1203 μV/K, while for Sr5Ge2N6 it was 

evaluated to be 607 μV/K respectively. 

 

Figure IV.14: Calculated values of Seebeck coefficient (S), versus temperature  

for Ca5Si2N6 and Sr5Ge2N6. 

The electrical conductivity  (where τ is the relaxation time) is an important 

thermoelectric factor, caused by the flow of free carriers (electrons or holes), and with 

increasing temperature it increases due to enhanced kinetic energy as shown in Fig. IV.15. 

The value of  for both crystals is  at 200 K and 

becomes ( )  for Sr5Ge2N6 (Ca5Si2N6) at 900K. It is 

clear that Sr5Ge2N6 has a higher electrical conductivity than Ca5Si2N6, revealing that electrons 

in Sr5Ge2N6 are thermally more excited to the conduction bands than in Ca5Si2N6. This can be 

attributed to the increase of ionic size from Ca to Sr, causing the bonds of the valence 

electrons to loosen and facilitating bond breaking with very little amount of energy. Because 

the band gap decreases from Ca to Sr, less excitation energy is required, and as a result, more 

free charge carriers are produced, which leads to an increase in electrical conductivity. 

Likewise, by replacing Calcium atom with Strontium atom, S decreases because the potentials 

maintained across the sample edges can deteriorate as the band gap narrows, and free charge 

carriers increase at lower exciting energies [64-65]. 
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Figure IV.15: Calculated values of electrical conductivity ( ) versus temperature 

for Ca5Si2N6 and Sr5Ge2N6. 

As mentioned above, total thermal conductivity arises due to the contribution of 

electrons and phonons. Here, only the electronic contribution  was evaluated because 

of classical theory limitation [61]. Its trends as a function of T are elaborated in Fig. IV.16 

which increases from 200 K and reaches to and 

at 900K for Ca5Si2N6 and Sr5Ge2N6, respectively. The Widemann-

Franz law ( ) establishes a link between electrical conductivity and thermal 

conductivity [65]. The ratio  was noted to be in the order of , reflecting excellent 

electrical conductivity and reduced thermal conductivity [65].  

 

Figure IV.16: Calculated values of thermal conductivity ( )  

versus temperature for Ca5Si2N6 and Sr5Ge2N6. 
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Power factor is a crucial parameter for assessing a material’s efficiency for practical 

thermoelectric device applications. It is calculated as the product of electrical conductivity 

and the square of the Seebeck coefficient ( ) [59-60]. In Fig IV.17, the estimated 

PF per relaxation time for both Ca5Si2N6 and Sr5Ge2N6 are plotted versus temperature. The 

computed PF of the two nitrides under investigation improves with temperature, and at 900 is 

determined to be  for Ca5Si2N6 and  for 

Sr5Ge2N6. These compounds are useful for thermoelectric device applications because they 

have such a high power factor at high temperatures. 

 

Figure IV.17: Calculated values of power factor ( )  

versus temperature for Ca5Si2N6 and Sr5Ge2N6. 

Figure of merit (ZT) is another parameter that determines energy conversion efficiency 

in the thermoelectric material [60]. The calculated ZT values of these compounds are 

illustrated in Fig. IV.18 (a) versus T and in Fig. IV.18 (b) versus chemical potential , 

respectively. At low temperature (200K), the obtained ZT values for both compounds are 

almost identical. In contrast, at  high temperature (900K), ZT factor of Ca5Si2N6 maintain its 

value, while Sr5Ge2N6 decreases to a value of 0.84. At 300 K, the figure of merit (ZT) for 

Ca5Si2N6 and Sr5Ge2N6 is computed to be 0.986 and 0.978, respectively. Additionally, its 

behavior versus  at room temperature has been plotted in Fig. IV.18 (b). In the given region 

of μ, ZT fluctuates and approaches the unity in both regions n and p for the two studied 

compounds, however these materials behave better in the p-type region as can be seen in Fig 

7(b). One can speculate from these findings that the materials under investigation could have 

outstanding thermoelectric performance at low and room temperature. 
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Figure IV.18: The calculated figure of merit ZT versus T (a), 

and chemical potential μ (b) for Ca5Si2N6 and Sr5Ge2N6. 

IV.7.Thermodynamics properties 

The study of the thermodynamic properties of materials is a necessary step in order to 

know their specific behavior when they undergo strong stresses of pressure or temperature. To 

calculate the thermodynamic properties of our compounds using the Debye’s quasi-harmonic 

approximation. This method implemented in GIBBS program [66], Blanco and his colleagues 

[67-68] developed this program. Where the main input data to lunch this program are the 

energy and the corresponding volume E(V).  These data are obtained from the optimized 

structure of studied compounds at different pressure values using CASTEP code. In this part,  

we have studied the effect of temperature and pressure on some parameters which 

characterize the compounds Ca5Si2N6 and Sr5Ge2N6, such as: the bulk modulus B, coefficient 

of thermal expansion α, heat capacity at constant volume CV, heat capacity at constant 

pressure CP and the Debye temperature ϴD(K). In a pressure interval varying between 0 to 14 

GPa and a temperature interval ranging from 0 to 500K. 

 

IV.7.1. Bulk modulus 

The Figure IV.19  illustrates the variation of B as a function of pressure at different fixed 

temperatures (0,300 and 500 K). The bulk modulus increases almost linearly with increasing 

pressure. The decrease in the bulk modulus is justified by the fact that the material loses its 

resistance when it is heated. 

Figure IV.20 represents the variation of the bulk modulus as a function of temperature 

at different fixed pressures (0, 4, 8.12 and 14 GPa) for Ca5Si2N6 and Sr5Ge2N6. It is important 
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to note that the bulk modulus for a fixed value of the pressure is almost constant if the 

temperature is below 100 K. Also, we notice that the bulk modulus decreases when the 

temperature increases for a given pressure. 
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Figure IV.19: Variation of the bulk modulus with the pressure at different  

temperatures for  Ca5Si2N6 and Sr5Ge2N6. 
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Figure IV.20:  Variation of the modulus of compressibility with the temperature at different 

pressures for Ca5Si2N6 and Sr5Ge2N6. 
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IV.7.2. Coefficient of thermal expansion 

The thermal expansion coefficient α expresses the correspondence between the volume 

of the material and the temperature it undergoes, it is linked to the strength (hardness) of the 

atomic bonds. Strong atomic bonding results in smaller thermal expansion and high melting 

points. The variation of the coefficient of thermal expansion α as a function of temperature for 

Ca5Si2N6 and Sr5Ge2N6 is shown respectively in the figure IV.21. 

It turns out that at a given pressure, there is a sharp increase in the coefficient of 

expansion with temperature in the interval 0 < T < 300K. At temperatures above 300 K, the 

thermal expansion increases slowly with increasing temperature and becomes almost constant 

(see figure IV.21). Therefore, high temperatures do not influence thermal expansion. We can 

also see that the thermal expansion is more sensitive to the increase in temperature for P=0 

GPa. When the temperature is fixed, the thermal expansion decreases with growth pressure. 
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Figure IV.21: Variation of the coefficient of expansion α with the temperature at different 

pressures for Ca5Si2N6 and Sr5Ge2N6. 

IV.7.3. Heat Capacity  

The heat capacity of materials is one of the most important thermal parameters that 

reflect their vibrational properties. It is the energy that must be brought to a mole of a body to 

increase its temperature by one Kelvin. 

 

IV.7.3.a. Heat capacity at constant volume CV 
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Figure IV.22 illustrates the variation of heat capacity at constant volume CV as a 

function of pressure at different fixed temperatures (200, 300 and 500 K). The heat capacity at 

a constant volume CV decreases linearly with increasing pressure. We also note that at a given 

pressure the heat capacity CV increases with the increase in the applied temperature. 

The evolution of heat capacity at constant volume CV with temperature at different 

pressures for Ca5Si2N6 and Sr5Ge2N6 is shown in figure IV.23 respectively. For low 

temperatures  (T<100 K), the increase of Cv is governed by the formula Cv = αT +β T3, 

increasing temperature causes a rapid increase in the value of the heat capacity at low 

temperatures (below 300K). It then slowly increases at high temperatures, reaching the 

Dulong and Petit limits (Cv=3nNAKB where n is the number of atoms per molecule, NA the 

Avogadro number, and KB the Boltzmann constant).which is 616 and 635 J.K-1.Mol-1 for 

Ca5Si2N6 and Sr5Ge2N6 respectively, this behavior is common to all solids at high 

temperature. We also note that at a given temperature, the heat capacity CV decreases with the 

increase in the applied pressure. 
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Figure IV.22: Variation of heat capacity CV with pressure at different  

temperatures for Ca5Si2N6 and Sr5Ge2N6. 
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Figure IV.23: Variation of the heat capacity CV with the temperature at different  

Pressures for Ca5Si2N6 and Sr5Ge2N6. 

 

 IV.7.3.b.Heat capacity at constant pressure Cp 

The variation of heat capacity at constant pressure CP as a function of temperature at 

different pressures for Ca5Si2N6 and Sr5Ge2N6 is shown in Fig IV.24. At low temperatures, CP 

exhibits rapid variation with temperature as CV does. While for high temperatures, CP 

increases very slowly with increasing temperature. We see a remarkable increase in CP at 

temperatures above 300K. At a given temperature, the heat capacity CP decreases with 

increasing pressure. 
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 Figure IV.24: Variation of the heat capacity Cp with the temperature at different  

pressures for Ca5Si2N6 and Sr5Ge2N6. 

 

IV.7.4. Debye temperature 

The Debye temperature  D K is defined as the maximum temperature that can cause 

normal vibration of lattice atoms. The results obtained from the GIBBS program [66] for the 

Debye temperature at zero pressure and zero temperature, are in good agreement with those 

calculated from the elastic constants. This is proof that the calculations performed are reliable. 

The figure IV.25 illustrates the variation of the Debye temperature as a function of the 

pressure at different fixed temperatures (0, 300 and 500 K) for Ca5Si2N6 and Sr5Ge2N6. The 

Debye temperature increases linearly with increasing pressure. It is also noted that at a given 

pressure the Debye temperature decreases with the increase in the applied temperature. 

Figure IV.26 shows that for different pressure values, the Debye temperature is almost 

constant from 0 up to 100 K, and then it decreases almost linearly with temperature at 

temperatures above 200 K. We also find that when the temperature is fixed, the Debye 

temperature increases with the applied pressure. The behavior of the Debye temperature 

towards temperature and pressure is similar to that of the bulk modulus. This result is in good 

agreement with the fact that the Debye temperature is proportional to the bulk modulus and 

that a hard material exhibits a high Debye temperature. Therefore the vibration frequency of 

the particles changes under the effects of pressure and temperature. 
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Figure IV.25: Variation of the Debye temperature  D K with pressure  

at different temperatures for Ca5Si2N6 and Sr5Ge2N6. 
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Figure IV.26: Variation of the Debye temperature  D K with the temperature 

at different pressures For Ca5Si2N6 and Sr5Ge2N6. 
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Density functional theory based on two complementary codes is used for a complete 

check of structural parameters, elasticity, electronic, optical, thermoelectric and 

thermodynamic properties for Ca5Si2N6 and Sr5Ge2N6 materials. The first part of this work, 

namely structural optimization and elastic constants, was done by the psedopetential plane 

wave method (PP-PW) as implemented in CASTEP code. The second part in this work 

namely electronic and optic, was performed via  the full potential-linearized augmented plane 

wave (FP-LAPW) method as implemented in the WIEN2k package. Using BoltzTraP 

program and the FP-LAPW density of states, we have calculated the thermoelectric properties 

of both compounds. Finally, thermodynamic properties are also predicted by the combination 

of GIBBS program and the pseudopotential plane waves of E-V results. Our main conclusions 

are the following: 

 Our results of the geometry optimization show a good agreement with the available 

experimental ones. Generally, the deviation between the lattice parameters (a, b, c and ꞵ ) 

is less 0.8%. To examine the stability of the present compounds, we have calculated the 

cohesive energies, the enthalpies of formation and phonon dispersion. All of these 

quantities confirm the chemical and structural stabilities of the Ca5Si2N6 and Sr5Ge2N6 

compounds. The effect of pressure on the structural parameters shows that the [010] 

direction is more compressible than the [001] and [100] directions. The calculated elastic 

constants Cij for both considered materials satisfy the mechanical stability criteria for 

monoclinic structures. Moreover, the obtained values of Cij show that C33 > C11 > C22, 

suggesting that the crystal structures of Ca5Si2N6 and Sr5Ge2N6 should be more easily 

compressible along the b-axis ([010]) than along the a- ([001]) and ([100]) c-axes. These 

results are in agreement with those obtained from the pressure effect on structural 

properties. Using Hill’s assumption we have calculated the polycrystalline elastic moduli. 

The bulk modulus (B) values obtained from the ones derived from the calculated single-

crystal elastic constants are in good agreement with to those calculated from the EOS 

fitting. The isotropic elastic module B, G and Young’s modulus (E) has relatively large 

values, reflecting the high stiffness of the considered materials. The examined 

compounds have Pugh's ratios greater than 1.75, indicating that these materials are ductile 

and will be resistant to thermal shocks. The Poisson’s ratio υ values of Ca5Si2N6 and 

Sr5Ge2N6 are equal to 0.29 and 0.30, implying again their ductile nature. This good 

agreement confirms the reliability and accuracy of the current calculations. Elastic 
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anisotropy of these compounds were investigated through different approaches, the 

obtained results for both studied materials suggest a pronounced elastic anisotropy. 

 It is well known that the GGA/ LDA approaches are usually underestimate the band gap 

value Therefore, to improve the calculated band structures of the investigated 

compounds, the TB-mBJ functional was used to model the exchange-correlation 

potential. Our calculations within the GGA-PBE yielded an indirect band gap (V- Γ) of 

2.29 eV and 1.47 eV for both Ca5Si2N6 and Sr5Ge2N6 respectively. The results of the band 

structure based on the TB-mBJ exchange potential are nearly identical to those of the 

GGA-PBEsol ones, with a distinct variation in their band gap values. The band gap 

energy shifted from indirect to direct (V→V) for Ca5Si2N6 at a value of 3.55 eV.  Unlike 

Sr5Ge2N6, the band gap remains indirect but with a value of 3.15 eV. Substitution with 

heavier cations leads to narrowing the Eg value and reducing the θD value. To shed light 

on the electronic properties of Ca5Si2N6 and Sr5Ge2N6, the diagrams of total and atomic 

site projected densities of states (TDOS and PDOS) have been plotted. The investigated 

nitridosilicate compound can be used as a phosphor material because of its values of band 

gap and Debye temperature which are within the recommended range. 

 Optical properties were calculated based on the band structure obtained using the TB-

mBJ. the absorptive and dispersive parts of the dielectric function, absorption coefficient, 

refractive index, extinction coefficient, optical reflectivity and energy-loss function 

spectra were calculated for different polarizations [100], [010] and [001]. As first 

observation, the noticeable anisotropy exhibited by the complex dielectric functions along 

the different polarizations [100], [010] and [001]. Moreover, partial density of states were 

used to assign the origins of possible electronic transitions. The highest α (ω) values are 

found in the [010] direction, reaching 2.91 × 105 cm(-1) at 25.2eV for Sr5Ge2N6 and 

4.16×105 cm(-1) at 28.7eV for Ca5Si2N6. The strong absorptive of electromagnetic waves 

in the ultraviolet range suggests that these compounds are suitable for UV-optoelectronic 

applications. 

 The transport properties of the studied nitrides Ca5Si2N6 and Sr5Ge2N6 are explored using 

the BoltzTrap package. All thermoelectric parameters are estimated in this work at 

temperatures ranging from 200 to 900 K. The obtained results reveal: 

 That Seebeck coefficient (S) decreases with increasing temperature for both crystals. 

 The value of S decreases from 1686/859 μV/K (200K) to 514/268μV/K (900 K) for 

Ca5Si2N6 and Sr5Ge2N6, respectively. For practical applications TE materials should 
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have a Seebeck coefficient higher than 200 μV/K, which suggests the good TE 

behavior of the examined nitrides. 

 Both compounds show a positive value of the Seebeck coefficient over the 

temperature range, indicating that the mobility of carriers is due to holes. 

 The value of the electrical conductivity σ⁄τ for both crystals is at 

200K becomes ( ) for Sr5Ge2N6 (Ca5Si2N6) 

at 900K. Sr5Ge2N6 has a higher electrical conductivity than Ca5Si2N6 revealing that 

electrons in Sr5Ge2N6 are thermally more excited to the conduction bands than in 

Ca5Si2N6. 

 The ratio  was calculated to be in the order of , reflecting the excellent 

electrical conductivity and the reduced thermal conductivity. 

 Ca5Si2N6 and Sr5Ge2N6 compounds are useful for thermoelectric device applications 

because they have such a high power factor at high temperatures. 

 The large figure of merit (ZT) values of these ternary nitrides, suggests their potential 

use in thermoelectric devices, especially at low and room temperature. 

 Using Debye's quasi-harmonic model, we have explored the thermodynamic properties of 

Ca5Si2N6 and Sr5Ge2N6 under the effect of temperature from 0 to 500K, and the pressure 

between 0 and 14 GPa.  The obtained results show that the bulk modulus increases almost 

linearly with increasing pressure, and decreases when the temperature increases for a given 

pressure.For low temperatures heat capacity follows this low Cv =αT +βT3. The increase in 

temperature causes a rapid increase in the value of the heat capacity at low temperatures 

(below 300K). Then it increases slowly at high temperatures approaching the Dulong and 

Petit limit (CV ≈ 3nR) which is 616 and 635 J.K-1.Mol-1 for Ca5Si2N6 and Sr5Ge2N6 

respectively, this behavior is common to all solids at high temperature. The results 

obtained from the GIBBS program for the Debye temperature at zero pressure and zero 

temperature, are in good agreement with those calculated from the elastic constants. For a 

given temperature, the Debye temperature increases with the applied pressure. 
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A B S T R A C T   

In order to expand the scope of application of ternary nitrides and explore more thoroughly their potential as 
novel materials, ab initio calculations founded on density functional theory are executed to examine the me-
chanical, electronic, optical and transport properties of Ca5Si2N6 and Sr5Ge2N6 nitrides. These compounds are 
thermodynamically stable established on coherent energy and enthalpy of formation, with Ca5Si2N6 having the 
best stability. The estimated values of elastic constants and their derived properties suggest that the items under 
examination are mechanically stable, ductile and elastically anisotropic. Electronic properties have been eval-
uated using the GGA and TB-mBJ exchange-correlation potentials. The band structure calculated via TB-mBJ 
reveals that these nitrides are semiconductors, where Ca5Si2N6 has a direct energy gap of 3.55 eV and 
Sr5Ge2N6 an indirect band-gap of 3.15 eV. By combining Debye temperature and band-gap values, it was 
concluded that the nitridosilicate compound can be used as phosphor material. According to the optical response, 
which was examined in terms of dielectric function, complex refractive index, absorption, reflectivity and energy 
damage function, the potential applications of Ca5Si2N6 and Sr5Ge2N6 have been discussed. Further, thermo-
electric properties are computed utilizing the semi-classical Boltzmann transport notion. The obtained results 
show a large strength operator and depressed thermal conductivity driving to rising figure of merit values, 
particularly at 300 K (0.978–0.986), signifying that the studied ternary nitrides are favorable nominees for 
thermoelectric employments at both low and room temperatures.   

1. Introduction 

Over the different few contracts, a considerable variety of solid-state 
nitride materials were synthesized and exploited in many novel tech-
nologies, including innovations revolving around photovoltaic solar 
cells, lithium-ion batteries, thermo-electrics, elevated-temperature ce-
ramics or optoelectronics [1–6]. With respect to reducing global energy 
consumption, different classes of nitrides exhibit luminescence posses-
sions onto doping with rare earth ions such as Eu2+ or Ce3+, making 
them suitable as shining substances for light emitting diodes (LEDs) 
[7–11]. Herein, for example, two subclasses -nitridosilicates and 

nitridoaluminates-are widely used as steward structures for bright sub-
stances (i.e. LED phosphors) because of their large structural variety, 
chemical and optical properties [10,12–14]. Especially, the Eu2+- doped 
MxSiyNz nitridosilicates phosphors (M = alkali, alkaline earth or rare 
earth) such as: Sr2Si5N8:Eu2+ [15], (A)2Si5N8 (A = Ca, Sr, Ba):Eu2+ [16], 
(A)(R)Si4N7:Eu2+ (A = Ca, Sr, Ba; R = Sc, Y, Lu) [17,18], BaSi7N10:Eu2+

[19] and (A)SiN2:Eu2+ (A = Ca, Sr, Ba) [20,21]. Furthermore, the latter 
compositional range can be further extended by substituting Al and O for 
Si and N respectively [22], out coming in phosphors like CaAlSiN3:Eu2+

[23], Ba3Si6O12N2:Eu2+ [24], (A)Si2O2N2:Eu2+ (A = Ca, Sr, Ba) [25], Sr 
[LiAl3N4]:Eu2+ [14] and A[Mg2Al2N4]:Eu2+ (A = Ca, Sr, Ba) [26]. 
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Newly, a fresh red phosphor, Ca5Si2N6: Eu2+, is discovered by Huang 
et al. [27]. This phosphor has an excitation band that extends from 350 
to 480 nm, who manufactures it charming for implementation in 
phosphor-transformed to light-emitting diode [27]. Structurally, 
Ca5Si2N6 includes pairs of edge-proportion tetrahedra of [Si2N6]10−

identical to the formerly specified in other nitridosilicates like: Ba5Si2N6 
or Ca7NbSi2N9 [28]. Comparable “bow-tie” units of [Ge2N6]10− were 
found in Sr5Ge2N6, suggests the presence of structural relations between 
nitridosilicates and nitridogermanates [29]. 

Due to technological uses for these materials, e. g. as nonlinear op-
tical materials or efficient luminescent materials for phosphor converted 
light-emitting diodes (pc-LEDs), solar absorbers, and thermoelectric 
devices [1,2,6–8,10,27], we have decided to study the recently discov-
ered nitridogermanate Sr5Ge2N6 [29] and its nitridosilicate isotope, 
Ca5Si2N6 [28]. Aside from their synthesis and structural characteriza-
tion [28,29], the essential materialistic possessions of these nitrides 
have not so far been investigated, either theoretically or experimentally. 
These facts stimulate us to conduct a thorough investigation on their 
fundamental physical properties which are crucial to identify the po-
tential of using these compounds in technological implementations. 
Therefore, in the present application, mechanical, optoelectronic and 
thermoelectric properties of Ca5Si2N6 and Sr5Ge2N6 nitrides were 
investigated in detail using accurate first-principles calculation. This 
work is structured as follows; computational methods are sited in section 
2. Results and discussions are done in section 3. Section 4, summarize 
the main results of this study. 

2. Methodology 

All ab initio computations are executed employing two comple-
mentary codes within density functional theory (DFT). Structural opti-
mization and elastic constants are proceeded through the pseudo- 
potential plane-wave (PP-PW) process as incorporated in the calcula-
tion module Cambridge Serial Total Energy Package (CASTEP) of Ma-
terials Studio [30]. The generalized gradient approximation in the 
scheme of Perdew et al., also recognized as GGA-PBEsol [31] are 
adopted to estimate the exchange–correlation effects. The GGA-PBEsol 
functional has been specially developed to enhance the 
exchange-correlation potential modeling in solids. Vanderbilt-type ul-
tra-soft pseudo-potential [32] is utilized to simulate the potential visible 
by the electrons of valence due to the frozen-core electrons and the 
nucleus. The following electron states: Sr -4s2 4p6 5s2, Ca- 3s2 3p6 4s2, 
Ge-4s2 4p2, Si-3s3 3p2 and N-2s2 2p3 are delighted as valence states. A 
plane-wave cut-off energy of 450 eV and Monkhorst-Pack scheme [33] 
with 6 × 12 × 6 k-point mesh to specimen the Brillouin zone (BZ) are 
chosen to guarantee a total energy convergence of 5 × 10− 6 eV/atom. 
The elastic constants (Cijs) of Ca5Si2N6 and Sr5Ge2N6 were evaluated by 
employing the well-known finite strain method [30]. This technique 
encompasses enforcing a combination of similar deformations with a 
restricted worth and calculating the resulting stress with regard to 
optimizing the structure of the crystal, as implemented by Milman and 
Warren [34]. The polycrystalline elastic aggregate moduli and attached 
properties were obtained via the single-crystal elastic constants Cij over 
the Voigt-Reuss-Hill approximations [35–37]. 

It is well established that the common generalized gradient 
approximation (we used the PBEsol [31] flavor of GGA) calculation 
consistently underestimates the energy-gaps of semiconductors and in-
sulators representatively by 30–50% [38–40] compared to the experi-
mental ones. This band-gap problem arises because conventional 
approaches such as GGA and LDA cannot characterize precisely the 
agitated electronic states. To address this deficiency and acquire cred-
ible energy-gap amounts for semiconductors and insulators in compar-
ison to a metrical ones, some advanced XC functionals have been 
developed, including hybrid functionals [41], the GW approximation 
[42], and the Tran-Blaha altered Becke-Johnson (TB-mBJ) potential [43, 
44]. Compared to the other approaches stated above, the TB-mBJ 

planner is computationally less expensive and provides energy band 
gaps that are nearly equal to the experimental ones with an extremely 
lower counting time [43,44]. For this reason, in addendum to the 
GGA-PBEsol, the optoelectronic and thermoelectric properties of the 
examined materials are studied employing the TB-mBJ functional as 
embedded in the WIEN2k code [45]. The schedule bundle WIEN2k [45] 
is an accomplishment of the full potential linearized augmented plane 
wave (FP-LAPW) formalism within the DFT framework. In the FP-LAPW 
approach, the unit cell is split into non-overlapping muffin-tin spheres 
(MTS) separated by a space known as the interstitial region (IR). In the 
MTS, the wave functions are dilated using a linear collection of radial 
atomic functions time spherical harmonics, whereas in the IR, a plane 
wave foundation collection is employed. A plane-wave cutoff parameter 
RMT*Kmax is set to be equal to 7. RMT denoted the slightest radius of the 
muffin-tin sphere and Kmax denoted the biggest k-vector in the plane 
wave extension. The k-integration over the Brillouin zone is computed 
employing a mesh of 1000 k-points in the irreducible Brillouin zone, 
according to the Monkhorst–Pack scheme [33]. 

The optic possession of a material has the ability to be accessed by 
the complex dielectric function ε(ω) = ε1(ω)+ iε2(ω), that is directly 
related to the linear restraint of issue to incident radiance. The second 
term ε2(ω) of the complex dielectric function, which distinguishes the 
sucking of the incident illumination by the object, has the ability to be 
evaluated by scoring all pliable direct electronic transferences from 
taken to vacant states [46]. The ε1(ω), that models the scuttle of the 
incident streaks by the object, has the ability to be derived from the 
ε2(ω) via the Kramer–Kronig conversion [47]. All the latest frequencies 
are dependent on optic functions, like the absorption coefficient α(ω), 
optic reflectivity R(ω), extinction coefficient k(ω), refractive index n(ω)

and energy-loss spectrum L(ω), can be calculated by the use of the 
complex dielectric function ε(ω). To achieve more accurate calculations, 
a dense k-point mesh of 12000 is employed for carrying out the optic 
estates of Ca5Si2N6 and Sr5Ge2N6. 

3. Results and discussion 

3.1. Structural properties 

The title compounds adopt a monoclinic crystal structure and belong 
to space group C2/c (N◦:15), which has four unit formulation per unit 
cell (Z = 4) [28,29]. These materials’ crystal structure have the ability to 
be characterized as two edge-sharing (Si/Ge)2N6 tetrahedron sur-
rounded by (Ca/Sr) atoms. A ball-and-stick representation of Ca5Si2N6 
and Sr5Ge2N6 traditional unit cell is displayed in Fig. 1. Full geometry 
optimization were obtained via the Broyden–Fletcher– Gold-
farb–Shanno (BFGS) algorithm [48] that is known as the speedy path to 
detect the low-energy structure. Geometrical relaxations are executed 
with the next convergence standards: (i) overall energy tolerance of 5 ×

10− 7 eV/atom, (ii) extreme ionic Hellmann–Feynman force, of 0.01 
eV/Å, (ii) ultimate atomic displacement of 5 × 10− 4Å and (iii) extreme 
stress of 0.02. GPa. The obtained structural parameters (a, b, c, β◦ and V) 
of Ca5Si2N6 and Sr5Ge2N6 have been summarized in Table 1. Also shown 
for rapprochement are the obtainable experimental datum. For both 
compounds, we can see that the obtained lattice parameters coincide 
very well with experiment; the maximum deviation is about 0.8%. 
However, it should be noted that the equilibrium volumes of Ca5Si2N6 
and Sr5Ge2N6 were underestimated by about 2.3% and 1% respectively. 
The substitution of Ca and Si with heavier atoms (Sr and Ge) leads to 
increase the equilibrium volume by about 18% from 729.83 Å3 

(Ca5Si2N6) to 896.33 Å3 (Sr5Ge2N6), the latter being due at larger ionic 
radii. The trend of increasing cell volume V in the examined crystals is 
consistent with the corresponding lattice expansion (a, b and c). 

Different methods have been used to test crystal stability, including 
phonon dispersion curves [49–51], cohesive energy and formation 
enthalpy [52]. As lattice dynamics calculations are time-consuming and 
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these compounds have already been synthesized, we restricted our study 
to the other two criteria. Thus, to explore the chemical and structural 
stability of the studied materials, the cohesive energy Ecoh and the 
enthalpy of formalization ΔHf have been estimated according to the 
equations [52]: 

Ecoh =
1

NCa + NSi + NN

[
ETot(Ca5Si2N6) −

(
NCaECa

atom +NSiESi
atom +NNEN

atom

)]

(1)  

ΔHf =
1

NCa + NSi + NN
[ETot(Ca5Si2N6) − (NCaECa +NSiEsi +NNEN)] (2)  

Here, NCa, NSi and NN are the numeral of Ca, Si and N atoms in the 
primitive cell of Ca5Si2N6 and ETot(Ca5Si2N6) its total energy; ECa

atom , ESi
atom 

and EN
atom denote the overall energies of segregate Ca, Si and N atoms, 

respectively; ECa, Esi and EN represent the overall energies per atom of 
the pure element Ca, Si and N in bulk form. The two energy definitions 
for the other material (Sr5Ge2N6) are identical and have been eliminated 
here. As shown in Table 1, the obtained coherent energy and fashioning 
enthalpy values are negative, indicating the thermodynamic stability of 
the examined crystals at normal status of pressure and temperature. 
Further, Ca5Si2N6 is further stabilized than Sr5Ge2N6 at nil pressure and 
temperature due to bring down negative consistent energy and fash-
ioning enthalpy. 

3.2. Elastic constants and related properties 

The reciprocal relation between elastic ownerships and many other 
fundamental physical properties, from microscopic level (electronic 
properties, bond stiffness, etc.) to macroscopic level (dislocation, 
compressibility, etc.) gives the investigation of elastic properties a crit-
ical importance in numerous domains of materials research [53–56]. 
Recently, DFT approaches permit us to prophesy reliable results for the 
elastic properties of a considerable scale of materials [57–59]. Elastic 
properties of monoclinic systems can be described using thirteen inde-
pendent elastic constants Cij [60]. Table 2 displays the full calculated 
collection of elastic constants concerning the suggested compounds. The 
evaluated elastic constants Cij for Ca5Si2N6 and Sr5Ge2N6 are content 
with the mechanical settlement standard of monoclinic structure [60], 
which means that the title materials are stable mechanically. According 
to Table 2, one may observe that the unidirectional elastic constants C11 
along a-axis, C22 along b-axis and C33 along c-axis have the highest 
values compared to the other Cij. Moreover, it appears that C33 has the 
highest value among all estimated Cij for both compounds, indicating 
that both crystals should be more resistant to compression strain along 
c-axis. On the other hand, C44, C55 and C66 (that reflects the stiffness to 
shear deformation) are lower than the stiffness to uniaxial strains (i.e.: 
C11, C22 and C33) by about 60%, suggesting that Ca5Si2N6 and Sr5Ge2N6 
are rigid to compression descent than to shear descent. Additionally, it is 
important to mentioned here that Ca5Si2N6 has a higher stiffness 
compared to Sr5Ge2N6. 

Large single crystals are often difficult to get at the moment, making 

Fig. 1. (a) Conventional unit cell, (b) Primitive unit cell and its Brillouin zone of Ca5Si2N6 and Sr5Ge2N6.  

Table 1 
Calculated values of lattice constants (a, b and c in Å), angle between a and c axes (β in ◦), unit-cell volume V (in Å3) compared with existing work, cohesive energy (Ecoh 
in eV/atom) and enthalpy of formation (ΔHf in eV/atom) for the ternary nitrides Ca5Si2N6 and Sr5Ge2N6.    

a B c β V Ecoh ΔHf 

Ca5Si2N6 Present work 9.759 6.004 12.657 100.27 729.83 − 6.96 − 1.54 
Expt. [28] 9.836 6.052 12.757 100.20 747.40   

Sr5Ge2N6 Present work 10.342 6.530 13.486 100.27 896.33 − 6.19 − 1.03 
Expt. [29] 10.408 6.521 13.565 100.29 905.80    

Table 2 
Calculated elastic constants Cij, bulk (B), shear (G) and Young’s (E) moduli in GPa, Poisson’s ratio (υ), sound velocity (Vm) in m/s and Debye temperature (TD) in K for 
the monoclinic Ca5Si2N6 and Sr5Ge2N6.   

C11 C22 C33 C44 C55 C66 C12 C13 C15 C23 

Ca5Si2N6 181 128 213 58 55 53 84 36 − 14 80 
Sr5Ge2N6 147 95 158 41 40 35 61 38 − 4.84 69  

C25 C35 C46 B G E B/G υ Vm TD 

Ca5Si2N6 − 0.30 − 18 − 10 101 50 129 2.01 0.29 4443 548 
Sr5Ge2N6 − 5.57 − 8.57 − 7.82 80 36 95 2.21 0.30 3003 346  
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it impossible to quantify the individual elastic constants. In state of 
measuring Cij, the bulk modulus B and shear modulus G can be evaluated 
experimentally on the polycrystalline specimens and used to define the 
mechanical properties of the material. The macroscopically measurable 
quantities (B and G) may be theoretically computed by a specific aver-
aging of the independent Cij of the mono-crystalline stage. The 
Voigt–Reuss–Hill homogenization method is used to estimate the B and 
G moduli [35–37]. Voigt and Reuss approximations are known to give 
extreme amounts for B and G, while Hill approximation takes the 
arithmetic average of the two boundaries and recommended it as effi-
cient moduli in usage for polycrystalline specimens [35–37]. Therefore, 
we have adopted here the Hill’s approximation [37] to evaluate the 
polycrystalline elastic moduli for the titled compounds, which is known 
as pursued: 

B=(BV +BR) / 2 ; G=(GV +GR) / 2 (3)  

definitions of the Voigt (BV, GV) and Reuss (BR, GR) restricted for a 
monoclinic structure has the ability to be established in Ref. [60]. The 
computed amounts of B and G are used to evaluate the Young’s modulus 
(E) and Poisson’s ratio (υ) by utilizing the following expressions [37]: 

E = 9BG(3B + G)
− 1

; υ=(1 / 2)(3B − 2G)(3B + G)
− 1 (4) 

The obtained amounts for the above-reminder parameters for the 
herein behold materials are summarized in Table 2. It is completely 
recognized that a material’s stiffness can be assessed by looking at its B, 
that measures the resistance to the volume variation under hydrostatic 
pressures, G, that represents the resistance to reversible distortion under 
shear stress, and E, that measures the ratio of linear stress to linear strain 
in the situation of stretchy forces. According to the amounts of B, G and E 
reported in Table 2, it is clear that Ca5Si2N6 is stiffer Sr5Ge2N6. It is seen 
that B > G, suggesting that the G is the factor limiting the stability of the 
studied crystals. Additionally, B and G give datum regarding the 
malleability of materials out of Pugh’s empirical criterion B/G [61]. 
Accordingly, if B/G is smaller than 1.75, a brittle behavior is predicted; 
else, the material proceeds in a ductile attitude. The examined com-
pounds have Pugh’s ratios greater than 1.75 (see Table 2), indicating 
that these materials are ductile and will be resistant to thermal shocks. In 
this context, the failure mode (ductility/brittleness) can also be pre-
dicted via the υ with a critical amount of υ = 0.26 [62,63]. If υ is greater 
(smaller) than 0.26, a material affords ductile (brittle) insufficiency. The 
υ values of Ca5Si2N6 and Sr5Ge2N6 are equal to 0.29 and 0.30, implying 
again their ductile nature. The good approval emphasizes the reliability 
and precision of the current computations. υ manifests as an effective 
equipment to appreciate the kind of chemical bonding in crystals [64]. 
The amount of the υ is equal to 0.33 for completely metallic materials, 
however for purely ionic compounds, a representative amount of υ is 
0.25. Based on these conditions, the stability of the studied materials are 
maintained by a mixture of metallic ionic-bonds. 

Another intriguing physical parameter linked to the elastic owner-
ships of solid materials is the elastic anisotropy, which considers various 
bonding qualities in various crystallographic trends. The crystal 
anisotropy plays an important role in several mechanical properties of 
solids, like elastic instability, stage transitions, dislocation dynamics, 
etc. Furthermore, micro-cracks have the ability to be facilely prompted 
in materials with considerable elastic anisotropy; thus to ameliorate 
their mechanical strength, it is significant to evaluate their elastic 
anisotropy [65]. At present, to accurately quantify the elastic anisotropy 
for the investigated materials, we have adopted the global anisotropy 
signal AU proposed by Ranganathan et al. [66] known as: 

AU = 5GV/GR + BV/BR − 6 (5) 

For perfect isotropic crystals, AU is amounting to zero (AU = 0); the 
variations of AU from zero define the level of anisotropy for the crystal. 
The estimated amounts of AU are established to be 1.03 for Ca5Si2N6 and 
0.785 for Sr5Ge2N6, revealing a significant elastic anisotropy for both 

compounds. To extend a comprehensive description of the mechanical 
properties, the Debye temperature TD of the tested materials were 
appreciated from the isotropic intermediate sound velocity Vm via the 
next expression [67]: 

TD =
h
kB

[
3n
4π

ρNA

M

]1/3

Vm (6)  

where is h is Plank’s constant, kB is Boltzmann’s constant, n is the 
number of atoms per formula unit, NA is Avogadro’s number, ρ is the 
crystal structure’s density, and M is the molar mass. In a polycrystalline 
material, Vm might be computed utilizing the longitudinal and trans-
verse sound wave velocities (Vl and Vt) as follows [67,68]: 

Vm =
[(

2V − 3
t + V − 3

l

)/
3
]− 1/3

; Vl =(3B + 4G/3ρ)1/2
; Vt =(G/ρ)1/2 (7)  

Here B and G are the DFT calculated bulk and shear moduli. Recently, 
the material’s Debye temperature TD is considered as the most reliable 
proxy for phosphor materials, because of its proportionality to the 
structural rigidity, that in turn is predominating connected to thermal 
quenching mechanisms and quantum harvest [9,69–71]. As a result, this 
has even been included into machine learning algorithms to seek for 
novel promising phosphor materials [72,73]. According to Table 2, 
Ca5Si2N6 has the highest Debye temperature (>500 K), confirming that 
it is appropriate for employ as a phosphor material [72,74]. In contrast, 
the nitridogermanate has a lower Debye temperature value (360 K) due 
to its substitution with heavier cations, resulting in lower the overall 
phononic contributions. 

3.3. Electronic properties 

Knowing the Debye temperature of a crystal structure alone is 
insufficient to assess the potential suitability of Ca5Si2N6 and Sr5Ge2N6 
as luminescence materials. A wide band gap (Eg) is also essential when 
screening for new phosphors [72,74,75]. Therefore, the electronic 
properties of the herein studied compounds were investigated through 
their band structure, total and partial density of state (TDOS and PDOS). 
Various first–principles approaches have been used to examine elec-
tronic properties and highlight the atomic contribution to the band 
structure curves [58,74–77]. Fig. 2 illustrates the computed 
band-structure of Ca5Si2N6 and Sr5Ge2N6 over the high symmetry ori-
entations in the first Brillouin zone (BZ) using the GGA-PBEsol and the 
TB-mBJ methods, respectively. The results show an obvious segregation 
between the valence and the conduction curves, making these com-
pounds a semiconductor in nature. Our first-principles computation 
within the GGA-PBEsol yielded an indirect band-gap of 2.29 eV and 
1.47 eV for both Ca5Si2N6 and Sr5Ge2N6 respectively. For Both com-
pounds, the maximum of the valence band happens at the V-point and 
the minimum of the conduction band happens at the Γ point (see bottom 
panel of Fig. 2). Given the fact that the GGA approaches are usually 
underestimate the band-gap amount by about 30%–50%, %, it follows 
that the actual band gaps of the examined materials should be wider. For 
the two nitrides, the band profiles obtained from the TB-mBJ exchange 
potential are nearly identical to those of the GGA-PBEsol ones, with a 
distinct variation in their band gap values. We see in the upper panel of 
Fig. 2, that the band-gap energy is shifted from indirect to direct (V→V) 
for Ca5Si2N6 at a value of 3.55 eV. Unlike Sr5Ge2N6, the energy gap 
remains indirect but with an account of 3.15 eV. There is no data on the 
energy gap amount in the literature to be contrasted with our findings. 
Another indication that nitridosilicate can be employed as activator 
produced luminescence (e.g. from Eu2+ or Ce3+) is that the bandwidth of 
the compound is within 3.5–3.8 eV [20,74]. This has already been 
proven by Huang et al. in their study of the Eu2+ doped Ca5Si2N6 ma-
terial [27]. Contrary to Sr5Ge2N6, where replacing Ca and Si atoms by Sr 
and Ge atoms leads to narrowing the Eg value. However, this nitrido-
germanate may still be appropriate for potential optical applications. It 
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Fig. 2. Electronic band structure of Ca5Si2N6 and Sr5Ge2N6 using (a) TB-mBJ, and (b) GGA-PBEsol method.  

Fig. 3. Total (TDOS) and partial (PDOS) density of state for Ca5Si2N6 and Sr5Ge2N6 using the TB-mBJ functional.  
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is merit to reminder here that the computed Eg-mBJ values can be 
improved by partially substituting Li and Mg in Sr5Ge2N6 for the dis-
covery of new nitridogermanates that may be used as phosphor mate-
rials or wide-gap semiconductors [74]. 

To shed light on the kind of the electronic structure, the diagrams of 
total and atomic site projected densities of states (TDOS and PDOS, 
respectively) are plotted in Fig. 3. For both crystals, there exist three 
blocks V1, V2 and C1: the first block located around − 4 (− 3.25) eV for 
Ca5Si2N6 (Sr5Ge2N6) is fundamentally collected of N-p and (Si/Ge)-p 
states with a negligible contribution from (Ca/Sr)-sp states. The second 
block V2 extending from − 3 eV and − 2.2 eV up to the Fermi level for 
Ca5Si2N6 and Sr5Ge2N6 respectively, originates mainly from the N-2p 
states with a little involvement from the (Ca/Sr)-p and (Si/Ge)-p states. 
The third block C1 above the Fermi level of Ca5Si2N6, comes principally 
from the unoccupied N (s, p) states with a few contributions (s, p) states 
of Si and Ca atoms. The status is not so distinct in the situation of 
Sr5Ge2N6, where the Sr atoms show a small contribution to the C1 block, 
and the N-2p and Ge-4s states dominate the conduction band followed 
by the N-2s and Ge-4p states. In other words, most electronic transitions 
should exist between the controlling N states at the edge of the valence 
band and the unoccupied Ca, Sr, Ge, and N states in the conduction 
band. 

3.4. Optical properties 

The optical ownerships of the studied materials supply significant 
input about their domestic structure. For this, the optical properties of 
Ca5Si2N6 and Sr5Ge2N6 have been computed through the TB-mBJ 
approach and plotted (Fig’s 4–5) in a broad energy domain 0–40 eV. 
As the examined materials belong to a monoclinic regulation, space 
group C2/c, it is indispensable to compute dielectric function (ε1, ε2) and 
the other macroscopic optical constants for three light polarizations 
which correspond to the three main crystallographic directions: a(100), 
b(010) and c(001). Fig. 4 illustrates the curves of the (ε2(ω)) and (ε1(ω)) 
of the Ca5Si2N6 and Sr5Ge2N6 dielectric functions versus the photon 
energy in the framework 0–18eV, for three incident light polarizations 
along [100], [010] and [001] directions. 

From Fig. 4, one may observe that the intensities and energy posi-
tions of the main peaks in ε2(ω) and ε1(ω) are clearly different in the 

three light polarizations and are smaller for the [100] polarization. This 
is a clear indication that the complex dielectric functions display a 
noteworthy anisotropy for different polarizations [100], [010] and 
[001]. The compound Ca5Si2N6 shows a more significant anisotropy 
than Sr5Ge2N6, and even its sucking brink is somewhat proceeded to-
wards low energies for the [100] polarization. Using the DOS diagrams 
(Fig. 3) and the fact that ε2(ω), is proportionate to the crystal sucking 
shadow, it is tolerable to attribute the sucking peaks between 3.25 and 8 
eV to the electronic commutes from the filled N-2p states to the empty 
Ca/Sr, Ge and N states. 

The static dielectric constant is the extreme substantial proportion to 
be studied in the dispersive (ε1(ω)) spectrum, which is known as the 
zero-energy of ε1(ω) : ε1(ω →0). The calculated ε1(0) values for 
Ca5Si2N6 (Sr5Ge2N6) are found to be 4.31 (4.61) for the [100] polari-
zation and 4.25 (4.53) for the other two polarizations, i.e [010] and 
[001]. It should be noted that the ε1(0) values of Sr5Ge2N6 are slightly 
larger than those of Ca5Si2N6. In other words, ε1(0) is inversely pro-
portionate with the energy gap, i.e. a least band gap proceeds a bigger 
ε1(0). This agrees well with Penn’s model: ε(0) ≃ 1 + (hωp /Eg) [78], 
where Eg and ωp are the energy gap and plasma frequency, respectively. 

The absorption coefficient α(ω) is a substantial optical parameter, 
that evaluates the amount of energy for an electromagnetic wave of 
frequency (ω), soaked up per unit extent of an average, where it spreads. 
The absorption spectrum gives useful information that can be used to 
evaluate certain optoelectronic instruments like sunlight converter. 
Panel (a) of Fig. 5 displays the computed absorption shadow of the 
designation materials in an energy zone up to 40 eV for three different 
polarizations. The absorption coefficient α(ω) increases quickly while 
the photon energy is bigger than the absorption border, as seen in Fig. 5 
(a). Note that absorption curves for the three various polarizations of the 
incident radiation start at the same absorption threshold for the 
Sr5Ge2N6 compound, which indicate that the band border is isotropic. 
This is not the case for the Ca5Si2N6 compound, where the absorption 
edge along the [100] starts earlier than in the other directions ([010] 
and [001]). 

The absorption ranges from 3.6 to 35 eV, with three peaks occurring 
at around 8.7 eV, 14.3 eV and 28.7 eV for Ca5Si2N6, and from 3.2 to 35 
eV, with also three peaks occurring at about 4.9 eV, 9.3 eV and 25.3 eV 
for Sr5Ge2N6. The highest α(ω) values are found in the [010] direction, 

Fig. 4. Calculated real ε1(ω)) and imaginary ε2(ω) parts of the complex dielectric function for Ca5Si2N6 and Sr5Ge2N6 compounds for different polarizations of 
incident radiation. 
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reaching 2.91 × 105cm− 1( 25.2eV) for Sr5Ge2N6 and 4.16× 105cm− 1 

(28.7eV) for Ca5Si2N6, demonstrating a significant anisotropy between 
[100], [010], and [001] for the two nitrides. The powerful absorptive of 
electromagnetic waves in the ultraviolet range proposes that these ma-
terials are suitable for UV-optoelectronic purposes. 

The fraction (amount) of light reflected at an interface is known as 
the optical reflectivity (ω). Photon energy reliance of the reflectivity 
R(ω) of Ca5Si2N6 and Sr5Ge2N6 single-crystals for three different light 
polarizations are displayed in Fig. 5(b). One observes that there is clear 
anisotropy in the reflectivity shadows R(ω). The static reflectivity 
R(0) = R(ω →0) were about 15% and 13% for Ca5Si2N6 and Sr5Ge2N6, 
respectively. Then, the reflectivity increases with augmenting photon 
energy to extent a maximum of ∼ 53% at ∼ 29.5eV for Ca5Si2N6 in the 
[010] direction, and ∼ 37% at ∼ 26.8eV for Sr5Ge2N6 in the same di-
rection. After that, the reflectivity decreases rapidly to its minimum 
level. 

The energy-loss function L(ω) characterizes the energy lost by a 
quick electron as it passes over a homogeneous material. Fig. 5 (c) 
depicted the reliance of the energy loss shadow on the energy of incident 
electromagnetic radiation gathered parallel to the [100], [010] and 
[001] crystalline trends. Bulk plasma frequency (ωp), which occurs 
when ε2(ω) < 1 and ε1(ω) arrives to the zero point, is generally 
considered to be the primary peak of the L(ω) spectrum [79]. The energy 
loss function is clearly more pronounced along the [010] and [001] 
directions and is the weakest along the [100] direction. For radiation 
polarized in the [001] direction, the plasma frequency for Ca5Si2N6 
(Sr5Ge2N6) is approximately similar to 32.52 eV (29.56 eV), which is 
associated with the sudden lowering in the reflectivity degree. 

Fig. 5 (d) and (e) present the computed refractive index n(ω) and 

extinction coefficient k(ω) shadows for the materials investigated in the 
energy domain from 0 to 40 eV for three polarizations of the happening 
electromagnetic radiation. The refractive index n(ω) explains how an 
electromagnetic wave propagates differently in a material compared to 
the vacuum. Knowing this optical constant is very useful in optical ap-
paratuses, like photonic crystals and waveguides. We note from Fig. 5, 
panel (d) that the n(ω) curves are started from the static refractive index 
n(0) = n(ω →0), which are 2.07, 2.06 and 2.06 for Ca5Si2N6, and 2.14, 
2.12 and 2.12 for Sr5Ge2N6 along the [100], [010], and [001] directions, 
respectively. Then, n(ω) increased with the increase of photon energy to 
extent an extreme amount in the near-UV spectrum, that is similar to ∼
2.72 at ∼ 4.93 eV for Ca5Si2N6 and ∼ 2.80 at ∼ 4.39 eV for Sr5Ge2N6 for 
the [010] and [100] directions, respectively. We observe here that the 
more the refractive index increased in this energy range, the more the 
light beam was refracted. Afterwards, n(ω) decreased until it reach its 
minimum value. The refractive index n(ω) spectrum has similar struc-
tures as the dispersive spectrum ε1(ω). The reduction of electromagnetic 
waves in a material is directly described by the extinction coefficient 
k(ω), that is likewise referred to as a damping stable dilution stage. One 
notes that the zeroes of ε1(ω) correspond to the local maximum of the 
extinction coefficient k(ω). By comparison, the spectra of k(ω) and the 
absorption α(ω) are very similar. 

3.5. Thermoelectric properties 

Thermoelectric (TE) energy transformation, that includes squan-
dering warmth reclamation, is commonly recognized as a fertile strength 
generation technique. As a result, discovering and developing more 
efficient thermoelectric materials is an energetic region of research. The 

Fig. 5. Calculated optical constants: Absorption coefficient α(ω), reflectivity R(ω), energy loss function L(ω), refractive index n(ω) and extinction coefficient k(ω) for 
the Ca5Si2N6 and Sr5Ge2N6 nitrides for three different polarizations [100], [010] and [001]. 
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efficiency of a thermoelectric material in any power generator or cooler 
is assessed in terms of figure of merit ZT. The ZT value might be 
calculated by the formula: ZT = S2σT/κ, where S attitudes for the 
Seebeck coefficient, σ for electrical conductivity, T for absolute tem-
perature and κ for total thermal conductivity, which involves both 
electronic (e) and lattice (l) contributions i.e., κ = κe + κl [80–82]. In 
fact, a good TE material must possess a rising electrical conductivity, a 
big Seebeck coefficient (S) and a very weak thermal conductivity at a 
given temperature [82]. The transport properties of the deliberated ni-
trides Ca5Si2N6 and Sr5Ge2N6 are explored using the BoltzTrap code over 
with the constant repose time approach [83]. All thermoelectric pa-
rameters are estimated in this work at temperatures which extent from 
200 to 900 K. 

Furthermore, the band structure, carrier type, and effective mass are 
all factors that influence the magnitude of the thermoelectric charac-
teristics. The carriers (holes and electrons) involved in the transport 
phenomenon are mainly found by their energy gap. It is observed that 
the application of the mBJ approach widens the band gap compared to 
GGA. Therefore, band gap tuning is crucial in determining the S. Metals 
exhibit the lowest S, whereas insulators exhibit the highest S [81]. 

The S measures the thermoelectric voltage manufactured by the 
temperature gradient between two finishing of a material [84]. The S 
variation against temperature is plotted in Fig. 6(a). One can observe 
that S decreases with increasing temperature for both crystals. When the 
temperature is increased from 200 to 900 K, the value of S decreases 
from 1686/859 μV/K (200K) to 514/268 μV/K (900 K) for Ca5Si2N6 and 
Sr5Ge2N6, respectively. For practical applications TE materials should 
have a S higher than 200 μV/K, which suggests the good TE behavior of 
the examined nitrides. Both compounds show a positive value of the S 
above the temperature framework, pointing out that the mobility of 
carriers is due to holes [85]. Moreover, the substitution of the Ca atom 
by the Sr atom present an impact on the S, for example at room tem-
perature, for Ca5Si2N6 it was computed to be 1203 μV/K, while for 
Sr5Ge2N6 it was evaluated to be 607 μV/K respectively. 

The electrical conductivity σ/τ (τ is the relaxation time) is an 
important thermoelectric factor, caused by the flow of release trans-
porters (electrons or holes), and with increasing temperature it increases 
because of enhanced kinetic energy as shown in Fig. 6(b). The value of 
σ/τ for both crystals is 9.85 × 1010 (Ωms)− 1 at 200 K and becomes 1.37×

1018 (Ωms)− 1 (0,52× 1018 (Ωms)− 1) for Sr5Ge2N6 (Ca5Si2N6) at 900 K. 
It is clear that Sr5Ge2N6 has an elevated electrical conductivity than 
Ca5Si2N6, revealing that electrons in Sr5Ge2N6 have calorically addi-
tional agitated to the conduction bands than in Ca5Si2N6. This can be 
attributed to the increase of ionic size from Ca to Sr, causing the bonds of 
the valence electrons to loosen and facilitating bond breaking with very 
little amount of energy. Because the band gap decreases from Ca to Sr, 
less excitation energy is required, and as a result, more free charge 
carriers are produced, which leads to an increase in electrical conduc-
tivity. Likewise, by replacing Calcium atom with Strontium atom, S di-
minishes since the potentials preserved across the specimen borders can 
break down as the energy gap narrows, and liberate charge transporters 
increase at bring down spectacular energies [86,87]. 

As mentioned above, total thermal conductivity (κ /τ) emerges 
because of the assistance of electrons and phonons. In this case, only the 
electronic contribution (κe /τ) was evaluated because of limitation of 
classical theory-based BoltzTraP code [81]. Its trends versus T are 
elaborated in Fig. 6 (c) which increases from 200 K and reaches to 
1.29 × 1014 W/m.K.s and 1.06 × 1014 W/m.K.s at 900K for Ca5Si2N6 
and Sr5Ge2N6, respectively. The Widemann-Franz law (κe = LσT) es-
tablishes a connect between electrical and thermal conductivities [87]. 
The ratio σ/κe was noted to be in the order of 10− 5, considering very 
good electrical conductivity and reduced thermal conductivity [87]. 

Power factor is a crucial parameter for assessing a material’s effi-
ciency for practical thermoelectric device applications. It is calculated as 
the output of electrical conductivity and the quadrate of the S (PF =

S2σ/τ) [81,82]. In Fig. 6(d), the estimated PF per relaxation time for 
both Ca5Si2N6 and Sr5Ge2N6 are plotted versus temperature. The 
computed PF of the two nitrides under investigation improves with 
temperature, and at 900 is determined to be 1.37 × 1011 W/m.K2.s for 
Ca5Si2N6 and 0.99 × 1011 W/m.K2.s for Sr5Ge2N6. These materials are 
useful for thermoelectric apparatuses employments because they have 
such an elevated power agent at elevated temperatures. Figure of merit 
(ZT) is one more parameter that locates energy conversion efficiency in 
the thermoelectric material [82]. The calculated ZT values of these 
compounds are shown in Fig. 7(a) versus T and in Fig. 7(b) versus 
chemical potential μ, respectively. At low temperature (200 K), the 
obtained ZT values for both compounds are almost identical. In contrast, 

Fig. 6. Calculated values of (a) Seebeck coefficient (S), (b) electrical conductivity (σ/τ), (c) thermal conductivity (κe/τ) and (d) power factor (S2σ/τ) versus tem-
perature for Ca5Si2N6 and Sr5Ge2N6. 
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at high temperature (900 K), ZT factor of Ca5Si2N6 maintain its value, 
while Sr5Ge2N6 decreases to a value of 0.84. At 300 K, the figure of merit 
(ZT) for Ca5Si2N6 and Sr5Ge2N6 is computed to be 0.986 and 0.978, 
respectively. Additionally, its behavior versus μ at room temperature has 
been plotted in Fig. 7(b). In the given region of μ, ZT fluctuates and 
approaches the unity in both regions n and p for the two studied com-
pounds, however these materials behave better in the p-type region as 
shown in Fig. 7(b). One can speculate according to these findings that 
the materials under investigation could have outstanding thermoelectric 
performance at low and room temperature. 

4. Conclusions 

In conclusion, the elastic, electronic, optoelectronic and thermo-
electric properties of the ternary nitrides Ca5Si2N6 and Sr5Ge2N6 are 
studied using the DFT within the GGA-mBJ approximations. The theo-
retically predicted lattice parameters constants are consistent with the 
available experimental results. According to the estimated cohesive 
energy, formation enthalpy and Born-Huang stability criterion, the 
thoughtful materials are thermodynamically and mechanically steady. 
Findings on elastic properties suggest that both nitrides are ductile in 
nature with significant elastic anisotropy. Through the use of the TB- 
mBJ electronic band structure, these nitrides were found to be semi-
conductors with a direct bandgap (V–V) of 3.55 eV for Ca5Si2N6 and an 
indirect band gap (V-Γ) of 3.15 eV for Sr5Ge2N6. The nitridosilicate 
compound can be used as a phosphor material because the bandgap and 
Deby temperature values are within the recommended range. Substitu-
tion with heavier cations leads to narrowing the Eg value and reducing 
the TD value. Even that, this material is still useful for other optical 
applications. The computed optical functions show a modest static 
dielectric, a notable optical anisotropy and a strong absorptivity of 
electromagnetic waves in the ultraviolet range, indicating that the title 
materials are appropriate for UV-optoelectronic employments. 
Furthermore, transport properties, including Seebeck coefficient, elec-
trical conductivity, thermal conductivity, power factor and figure of 
merit are studied employing classical BoltzTrap software. The large 
figure of merit (ZT) values of these ternary nitrides, suggests their po-
tential use in thermoelectric devices, especially at low and room 
temperature. 
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[81] P. Gorai, V. Stevanović, E.S. Toberer, Computationally guided discovery of 
thermoelectric materials, Nat. Rev. Mater. 2 (9) (2017). 

[82] N. Lu, I. Ferguson, III-nitrides for energy production: photovoltaic and 
thermoelectric applications, Semicond. Sci. Technol. 28 (7) (2013), 074023. 

[83] G.K. Madsen, D.J. Singh, BoltzTraP. A code for calculating band-structure 
dependent quantities, Comput. Phys. Commun. 175 (1) (2006) 67–71. 

[84] X. Zhang, L. Zhao, Thermoelectric materials: energy conversion between heat and 
electricity, J. Materiomics 1 (2) (2015) 92–105. 

L. Debache et al.                                                                                                                                                                                                                                

http://refhub.elsevier.com/S0022-3697(23)00195-6/sref20
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref20
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref21
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref21
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref21
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref21
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref22
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref22
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref22
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref23
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref23
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref23
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref24
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref24
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref24
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref25
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref25
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref25
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref26
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref26
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref26
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref26
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref27
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref27
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref28
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref28
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref29
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref29
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref30
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref30
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref30
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref31
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref31
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref31
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref31
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref32
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref32
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref33
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref33
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref34
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref34
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref35
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref36
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref36
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref36
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref37
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref37
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref38
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref38
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref38
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref39
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref39
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref40
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref40
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref40
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref41
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref41
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref42
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref42
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref43
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref43
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref44
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref44
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref45
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref45
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref45
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref46
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref46
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref47
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref47
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref48
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref48
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref49
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref49
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref49
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref50
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref50
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref51
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref51
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref52
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref52
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref52
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref53
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref53
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref54
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref54
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref54
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref55
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref55
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref55
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref56
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref56
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref57
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref57
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref57
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref58
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref58
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref58
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref58
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref59
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref59
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref59
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref60
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref60
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref60
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref61
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref61
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref61
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref62
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref62
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref62
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref63
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref63
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref64
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref64
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref65
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref65
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref65
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref66
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref66
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref67
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref67
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref68
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref68
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref69
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref69
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref70
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref70
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref70
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref71
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref71
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref71
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref71
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref72
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref72
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref72
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref73
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref73
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref74
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref74
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref74
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref75
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref75
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref76
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref76
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref76
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref77
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref77
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref78
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref78
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref79
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref79
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref79
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref80
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref80
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref81
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref81
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref82
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref82
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref83
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref83
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref84
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref84


Journal of Physics and Chemistry of Solids 179 (2023) 111405

11

[85] G. Wu, X. Yu, Contributions of chemical potential to the diffusive Seebeck 
coefficient for bulk semiconductor materials, Eur. Phys. J. Plus 135 (6) (2020). 

[86] H.A. Alburaih, S. Aman, S. Mehmood, Z. Ali, S.R. Ejaz, R.Y. Khosa, N. Ahmad, M. 
S. Al-Buriahi, Z.A. Alrowaili, H.M. Farid, First principle study of opto-electronic 

and thermoelectric properties of Zintl phase XIn2Z2 (X = Ca, Sr and Z = As, Sb), 
Appl. Phys. A 128 (5) (2022). 

[87] D. Behera, R. Sharma, H. Ullah, H.S. Waheed, S. Mukherjee, Electronic, optical, 
and thermoelectric investigations of Zintl phase AAg2Se2 (A=Sr, Ba) compounds: a 
first-principle approach, J. Solid State Chem. 312 (2022), 123259. 

L. Debache et al.                                                                                                                                                                                                                                

http://refhub.elsevier.com/S0022-3697(23)00195-6/sref85
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref85
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref86
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref86
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref86
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref86
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref87
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref87
http://refhub.elsevier.com/S0022-3697(23)00195-6/sref87

