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Abstract 

The A3SnO and A3PbO (A: Ca, Sr and Ba) inverse perovskite oxides have gained 

immense research attention as they exhibit physical properties suitable for thermoelectric, 

superconducting and magnetic devices. The emergence of stoichiometry dependent stable 

ferromagnetism in these inverse perovskites has recently made these materials potential 

candidates for utilization in spintronic and quantum computing devices. In the present 

work, DFT based first principles total energy calculations have been employed using the 

full-potential linearized augmented plane-wave method to explore the electronic, 

magnetic and thermodynamic properties of pristine and intrinsic vacancy defect-

containing A3SnO and A3PbO (A: Ca, Sr and Ba) compounds. The electronic structures 

of these compounds are computed with the inclusion of spin orbit coupling interactions 

which plays an important role in topological nature of these compounds. Furthermore, the 

spin-polarization calculations have been carried out to investigate the impact of vacancy 

defects on magnetic and electronic properties of these inverse perovskites. The 

thermodynamic stability analysis indicated that these materials can be synthesized under 

Ca/Sr/Ba rich and Sn/Pb intermediate-rich conditions. Moreover, the defect formation 

energies revealed that Ca/Ba/Sr vacancies are the most stable form of vacancy defect 

under oxidation (O-rich) conditions, while O and Sn/Pb vacancies are found to have 

stable  under reduction (O-poor) and Sn/Pb-poor conditions, respectively. Our 

calculations reveal that charge neutral Sn or O vacancies can give rise to stable 

ferromagnetism in non-stoichiometric A3SnO and A3PbO (A: Ca, Sr and Ba) compounds. 
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   Chapter 1        

  

Introduction 

 

 

 

The research frontline in condensed matter physics today to a large extent is dominated 

by the exploration and investigation of strongly correlated materials i.e. the materials 

where electron-electron interactions are dominated by the correlation effect between 

electrons. In addition to the dominant nature of the electronic correlation, the physical and 

chemical properties of these materials are strongly affected by their composition (growth 

conditions, doping, intrinsic or extrinsic vacancy defects) and structure (crystal distortion 

etc.). This unique interplay of physical properties and composition and controlling these 

properties is of large interest, as it is an assurance for more effective and completely new 

applications. Although numerous classes of materials have been identified for their 

promising applications in emerging technological applications owing to above-mentioned 

properties, it is principally true for materials with the perovskite structure. 

A crystalline material having structure similar to the cubic crystal structure of 

naturally occurring mineral Calcium Titanium Oxide (CaTiO3) is termed perovskite. The 

earliest discovery of the perovskite materials with composition ABX3 was performed by 

Gustav Rose in 1839 from the mineral deposits found in the Ural Mountains of Russia 

and were named so after the famous Russian mineralogist L. A. Perovski. In the 

perovskite structure A, B are cations and X is anion (Dogan et al.,2015).The 

stoichiometric perovskite (ABX3) has cubic structure in which atom A usually occupies 

the corner of the cubic lattice, while B and X, respectively, are located at the body 

centered and face centered positions of the unit cell. The cubic unit cell of perovskite 

structure is most stable one, as the Goldschmidt tolerance factor (t) is unity for it. Where 

‘t’ can be defined as  𝑡 =
(𝑟𝐴+ 𝑟𝑋 )

2(𝑟𝐵+ 𝑟𝑋) 
  here  rA, rB and rX are ionic radius of  A, B, and X ions 

respectively. For t < 1 the cubic perovskite crystal structure deviate from cubic symmetry 
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to orthorhombic/rhombohedral symmetry. The perovskite has numerous technological 

important properties like high temperature superconductivity, room temperature 

ferromagnetism, pyroelectricity, ferroelectricity, photo catalytic activity etc., (Joshua and 

Billinge, 2016; Bhalla et al., 2016). 

A cubic inverse perovskite or anti-perovskite has a crystal structure with similar 

space group as that of the cubic perovskite structure, however the position of anion and 

cation are changed (Krivovichev,2008). The ideal, undistorted inverse perovskite 

structure is cubic with space group # 223, Pm-3m and the occupied sites of anions and 

cations are reversed with respect to the perovskite structure as shown in Figure 1.1 such 

that the general formula is A3BX (here A and B are usually metals and X is B, C, N, O 

etc.). The inverse perovskite structure exhibit variety of physical properties like 

superconductivity (He et al.,2013), approximately zero thermal coefficient of resistivity, 

spin glass behavior (Chi et al., 2001; Song et al.,2008), Giant Magneto Resistance (Wang 

et al., 2009), magneto caloric effects (Wang et al., 2010) and piezo-magnetic effects 

(Lukashev et al., 2008). Moreover, these compounds have strong charge and spin degree 

of freedom associated with them which makes them fascinate as topological insulators 

(Klintenberg et al., 2014) and 3D Dirac semimetal (Kariyado and Ogata, 2012). 

 

 

Figure 1.1 The cubic crystal of perovskite ABX3 and inverse perovskite A3BX 

showing the octahedral coordination of the face centered atom with body centered 

atom. The A, B and X atoms are represented by turquoise, black and red spheres 

respectively.  
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Structural investigations of the Sn and Pb based inverse Perovkites having oxygen 

A3BO (A= Ca, Sr, Ba; B = Sn, Pb), was first carried out by Widera and Schafer, (1980) 

using XRD powder diffraction studies. Fig. 1.1 shows a comparison of prototypical 

perovskite and inverse-perovskite structure in the cubic setting. These A3BO (A= Ca, Sr, 

Ba; B = Sn, Pb) compounds are structurally Zintl phases, with filled p-orbitals and the 

empty d-orbitals of the B4- and A2+, respectively (Nuss et al., 2015), where the p and d 

orbital are usually adjacent in energy (Kariyado and Ogata 2011). In other words, the 

valence and conduction bands of these materials nearly touch or overlap. Consequently, 

the family of A3BO is expected to be either semi metals or semiconductors with 

negligible energy band gaps. Moreover, the physical properties of these materials are 

strongly influenced by the structure and composition as minor variations can alter the 

symmetry considerations, bond lengths and electronic band structure etc. (Krivovichev, 

2008). 

The advances in our modern technological endeavors are determined by the 

tunable capabilities of the functionalized materials. In this context, the inverse perovskite 

materials have earned significant importance owing the fact that their optical, magnetic, 

chemical, electrical, thermal and mechanical properties can be significantly modified by 

means of structural and compositional changes. The most important factor that can either 

enhance or degrade the properties of these materials are crystal defects of various 

dimensions (e.g. grain boundaries/ pores/dislocations/ vacancies/ impurities). In 

particular, zero-dimensional crystal defects are usually directly related with the wide 

range of tunable properties of perovskite materials (Tuller and Bishop,2011). Hence, 

emerging fields like spintronic and quantum computing together with the advances in 

microelectronics are dependent upon the tune-ability of material properties which are 

significantly influenced by control, concentration and distribution of zero-dimensional 

crystal point defects. 

 Point defects can conveniently be partitioned based upon their existence in non-

ionic (Vacancy, Impurity) and ionic crystal (Frenkel and Schottky defects etc.). There are 

many experimental measurement techniques which can be used to find the properties 

associated to point defects. This includes techniques like Impedance spectroscopy (IS), 

Scanning tunneling microscopy/spectroscopy or atomic force microscopy (AFM) and 

optical absorption/emission, however theoretical approaches like density functional 

theory based first principle calculations have recently emerged as a useful tool for 
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exploring the effect of crystal defects on the physical properties of materials (Noor et al., 

2010; Pan et al., 2013; Alay-e-Abbas et al., 2014; Sajjad et al., 2015; Cai and Feng, 

2017). 

Keeping the above-mentioned details in mind, in present work we have explored 

the thermodynamic stability, formation energies of intrinsic vacancy defects and the 

electronic structures of Lead and Tin based inverse perovskite oxides (A3SnO and A3PbO 

(A=Ca, Ba and Sr) by density functional theory calculations. Further we also examine 

how these properties are affected by intrinsic vacancy defects by means of DFT 

calculations. In the first section of the chapter 1 we briefly discuss about structure of 

inverse perovskite compounds, later we discuss the properties of the lead and tin based 

inverse perovskite oxides with the motivation of present work. Chapter 2 presents a 

review of the relevant literature to strengthen the motivation of present work. In chapter 3 

we described the details of DFT framework, and the other approaches adopted for the 

calculations in present work. In chapters 4 we explain the results for A3SnO and A3PbO 

(A=Ca, Ba and Sr) compounds. Each of chapter instigates with a self-contained review of 

the related literature. To conclude the current thesis, in Chapter 5, we summarized the key 

findings along with recommendation for future work. 

1.1 Potential Applications of inverse perovskite oxides 

The properties of Sn and Pb based A3BO inverse perovskite can vary widely depending 

upon their compositions and structure which leads to many promising applications in 

many technological domains. In this section we discuss some of the important properties 

of the A3BO and the application of these properties in practical devices.  

1.1.1 Dilute Magnetic Semiconductor 

For very small information storage components in electronic devices, the efficient use of 

energy is always desired where quantum mechanics plays a significant role. Since 

utilization of both the electron charge and electron spin in spintronic devices is potentially 

helpful for large storage of information, the magnetic properties of semiconductor devices 

can be exploited for obtaining devices which are smaller as well as more efficient and 

faster when compared to the existing memory devices. In this context, a candidate class of 

materials for spintronic as well as quantum computing is termed dilute magnetic 

semiconductors (DMS) or ferromagnetic semiconductors. DMS are usually traditional 
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semiconductor material which is doped with transition metals for giving rise to magnetic 

property.  

The word ‘dilute’ in DMS is used since the doping concentration of the transition 

metal is too small and ‘magnetic semiconductor’ represents that both ferromagnetic and 

semiconductor properties are conserved in these materials. Fig. 1.2 gives a clear 

description of DMS. In DMS  materials,  the   valence  band  holes and delocalized 

conduction band  electrons  cooperate with localized  magnetic  moments  of magnetic  

atoms. Commonly, when a 3d transition metal is substituted for the cations of the host, 

then the resulting electronic structure is based on the hybridization between the d orbital 

of transition metal and s or p orbital of anion of host in the valence or conduction band. 

 

 

Figure 1.2 Three categories of semiconductor: (a) a magnetic semiconductor in 

which ferromagnetism arises due to the alignment of a periodic arrangement of 

impurity atom (usually impurity is transition metal), (b) a non-magnetic 

semiconductor which  has  non-magnetic ions rather than transition metal impurity 

and (c) a DMS which has only a small fraction of the host semiconductor sites that 

are exchanged by transition metal dopants (Mn/Cr/Co are frequently used) (Ohno, 

1998).   

 

This hybridization is responsible for giving rise to the ferromagnetism (FM) and is 

commonly referred to as the s/p-d exchange (Dietl et al., 2000). A few relevant 

mechanisms or causes of magnetism in DMS systems are’ (a) an indirect super-exchange 

in which the indirect super-exchange deals with the indirect coupling of spins via the 

conduction electrons that causes the alignment of  the  electronic spins of  incomplete d 
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orbitals in ferromagnetic manner or (b) Ruderman Kittel Kasuya Yoshida (RKKY) 

interaction which is based on the indirect exchange coupling of magnetic moments due to 

the Coulomb exchange of conduction/valance band electrons, it is applicable over 

relatively large distances. In case of metals large number of charge carrier enhance this 

effect (Ruderman and Kittel, 1958; Twardowski, 1998). 

Many scientific investigations have attempted to explain the properties and origin 

of ferromagnetism in doped DMS materials. In these investigations usually doping of a 

transition metal to the host crystal causes the room temperature ferromagnetism (RTFM) 

(Guruvamma et al., 2017; Köseoğlu,2016; Kaur et al., 2015), however a doped-DMS  

system  intrinsically  suffer to effectively control dopant distribution, clustering and 

disorder effects etc. which makes relevant mechanisms or causes of magnetism difficult 

to understandable. The discovery of d0 RTFM in undoped semiconductors, such as ZnO, 

TiO2,  HfO2 etc.  has opened a wider debate as to the origin of ferromagnetism in 

semiconductors. All of the d0 FM materials including those which do not have unfilled d 

or f orbitals (Hong et al., 2007; Peng et al., 2009; Mishra et al.,2013; Zhen et al., 2011). 

Material synthesis processes are solely responsible for the strain, vacancies and defects in 

these non-magnetic materials, which may cause ferromagnetic like properties in them. 

Recently Lee et al., (2013, 2014a, 2014b) have recognized the Sr3SnO an inverse-

perovskites oxide as a DMS with a curie temperature of 300K.  The origin of room 

temperature ferromagnetism in this material was assigned to the presence of intrinsic 

vacancy defects.  

The appearance of ferromagnetic (FM) properties in undoped materials is an 

amazing problem. It has been already predicted that the 3d dopants i.e. transition metals 

dopants are not the sole source of magnetism. Many common features in all these systems 

are related with the existence of defects.  However, the nature of the defects which cause 

the FM is not fully understood. The either interstitials, or non-equilibrium point defects 

(resulting from irradiation) or lattice mismatch may cause the ferromagnetism in undoped 

oxides. Moreover surface/grain boundaries and dislocations might also be concerned. The 

one possible mechanism for defect associated FM assumes that defects in a 

semiconductor or insulator creates states in the gap which are enough to form an impurity 

band or other possible mechanism. The associations of defects with the orbitals present in 

defects area resulting in magnetic moment as well as it forms impurity bands which assist 

long range ferromagnetic interaction and give rise to spin polarized states. These defect 

https://www.sciencedirect.com/science/article/pii/S0304885317329566#!
https://www.sciencedirect.com/science/article/pii/S0272884215010718#!
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states cause magnetic properties in materials through the exchange mechanism. Further 

the stabilization of these resulting states is essential for ferromagnetism. It’s essential that 

the defect ferromagnetic states should be stabilized under device processing conditions 

(Monnier and Delley,2001). 

1.1.2 Thermoelectricity 

Thermoelectricity is also termed as Peltier-Seebeck effect i.e. the conversion of electricity 

into heat (refrigeration) or the conversion of heat into electricity (Power generation) 

(Zhao et al., 2014). When two dissimilar materials are joined and subjected to 

temperature difference between the junction and the ends, a potential difference can be 

found between two sides that is mainly proportional to the temperature difference (See 

beck effect) or when a voltage is applied to two dissimilar materials then a circuit can be 

created which allow for continuous heat transport between the materials junctions (Peltier 

effect). The Seebeck and Peltier effects are reverse of each other. Thermoelectric 

materials are usually characterized by their Seebeck coefficient ‘S’ and by a figure of 

merit ‘ZT’  

𝑍𝑇 =
𝑆2𝑇

𝜌𝑘
                                                                                                   (1.1) 

T is temperature in Kelvin, ρ is resistivity and k are thermal conductivity. 

Therefore, any material with large electrical conductivity, high Seebeck coefficient, small 

resistivity and low thermal conductivity can be a good candidate for thermoelectricity or 

thermo-refrigeration. Fig 1.3 (a) and (b) are displaying both modules for power 

generation and refrigeration respectively. Thermoelectric generators can be used for 

converting heat generated by several sources, such as solar radiation, industrial processes 

and automotive exhaust to the electricity. Further the thermoelectric coolers can be used 

to make cooling systems refrigerators etc. Consequently, the exceptionally high reliability 

in thermoelectric devices (i.e. the solid-state devices without moving parts), 
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Figure 1.3 (a) and (b) are representing thermoelectric power generation and 

thermoelectric refrigeration system.  

 

These materials have widespread applications like electricity generation, Laser 

diodes-based Fiber optics communication, computer chips, cooler car seats, Cryogenics, 

IR night vision, temperature baths, refrigerators and for temperature control in missiles 

and space systems (Zhang and Zhao, 2015; Zheng, 2008). Therefore, improvement of 

thermoelectric properties via doping or introducing point defects has become the key 

concern (Huang and Lu, 2014; Levander et al., 2011). Therefore, in their continuous quest 

for new source of energy the researchers have started to look at inverse perovskite 

materials as new candidates for thermo power generation as these materials offer a band 

gap and thermal conductivities good for a novel thermoelectric material (Lin et al.,2014; 

Aliabad et al., 2015; Bilal et al., 2015). Recently Okamoto et al., (2016) has investigated 

Ca3SnO and Ca3PbO inverse perovskite oxides and found the figure of merit for Ca3SnO 

about 1.9 and it was approximately double than already existing thermoelectric material 

Bi2Te3. Ca3SnO also found to exhibit p-type nature with a relatively high carrier density 

and a large thermoelectric power factor as compared to lead based inverse perovskite 

Ca3PbO and Ca3Pb1-xBixO. The above-mentioned behavior of Ca3SnO was assigned due 

to the non-stoichiometry originating from the presence of crystal defects. 
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1.1.3 Superconductivity 

A phenomenon of exactly zero electrical resistance arises in specific materials when 

cooled below a characteristic temperature is termed as superconductivity. This 

characteristic temperature is called critical temperature at which the resistivity of a 

superconductor goes to zero. Above this temperature the material is non-superconducting 

while below it the material becomes superconductor as shown in Fig. 1.4 

 

 

 Figure 1.4 Variation of the resistance of superconducting or non-superconducting 

materials 

 

Superconductivity was discovered by Kamerlingh Onnes in 1911. It is a quantum 

phenomenon (Alan, 2000). In normal conductor current is the considered as the fluid of 

electrons moving in the material, while in superconductor the electronic current contains 

bound pair of electrons called cooper pairs (Bardeen et al., 1957). Super conductors have 

wide range of applications like SQUID, magnetic levitation, superconducting cable etc. 

Oudah et al., (2016) experimentally observed the first superconductor among the inverse-

perovskite oxides Sr3-xSnO with the transition temperature of around 5 K. Therefore, they 

predicted that Sr3SnO has properties of a topological superconductor. The Cooper pairs in 

Sr3-xSnO can have either purely p or d-p mixed orbital character. The discovery of a new 

class of inverse perovskite oxide superconductors can lead to a rapid progress in physics 

and chemistry. 

 

https://en.wikipedia.org/wiki/Heike_Kamerlingh_Onnes
https://en.wikipedia.org/wiki/Heike_Kamerlingh_Onnes
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1.1.4 Topological insulators 

Topological insulators (TIs) are a novel class of materials with bulk band gap like 

insulator and semiconductors but have robust surfaces states. These surface states of these 

materials are protected from disorder. The basic difference between a TI and ordinary 

insulator are the symmetries possesed (or break) by them.  

 

 

Figure 1.5 The bulk and surface energy levels of an ordinary insulator and 

topological insulator as function of crystal momentum. Moreover, Green and red 

lines are representing surface state for trivial and topological insulator respectively. 

 

Therefore, topological insulator has insulating bulk structure with conducting 

surface states and these states continuously connect bulk conduction and valence bands as 

shown in Fig.1.5 (b). There are three primary classes of Topological insulators. First type 

is a two-dimensional Chern insulator which has magnetism and has integer Chern 

number. The second type three dimensional Z2 topological insulators which is 

characterized by a Z2 index and its surface states are gapless and shows spin Hall 

character due to time reversal symmetry. The third type is topological crystalline insulator 

which is usually characterized by Chern number and its surface states are protected by 

mirror symmetry (Hasan and Kane, 2010).  

Klintenberg et al., (2014) has identified 17 compounds as new potential 

Topological insulators  using massive computing and the data-mining of  electronic  



29 
 

structures,  the  results  are  listed  in  Table 1.1. Kintenberg et al., (2014) used Local 

Density approximation (LDA) for the calculation of band gaps of electronic structures. 

However, LDA usually offers underestimation of band gap of materials, this deficiency in 

LDA band gap calculations can be removed by using Generalized Gradient 

Approximation (GGA) functional (Yakovkin and Dowben ,2007). The   About 7 of them 

are inverse-perovskite oxides having A3SnO and A3PbO structures. These inverse 

perovskites were proposed to have the band-inversion or avoiding crossing feature at the 

Γ-point in the presence of spin-orbit coupling (SOC), which is a key ingredient of a 

topologically nontrivial material as displayed in Fig. 1.6 (a). The inclusion of SOC, 

causes to shift the valance band maxima downward and introduce a band gap at Γ-point. 

Therefore, the Fermi level of topological insulator is dependent on SOC. Moreover, 

inclusion of surface states gives the presence of a Dirac cone Fig 1.6 (b). 

 

 

Figure 1.6 (a)Band inversion because of strong spin-orbit coupling in narrow band 

gap materials is predictable by anti-crossing feature about the Γ-point with the 

inclusion of SOC interaction (b) Inclusion of surface states give existence of a Dirac 

cone would appear. 

 

Hsieh et al., (2014) predicted the topological crystalline insulators (TCI) behavior 

in the inverse-perovskite material family with the chemical formula A3SnO and A3PbO 

(A=Ba, Ca, Sr and Yb). Here the nontrivial topology because of band inversion, that is 

protected by mirror symmetry and indexed by an integer topological invariant known as 

“mirror Chern number”. The Mirror Chern number is found to non-zero for this family. 
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The  ferromagnetic  order  in  TIs  is  significant  not  only  as  a   platform  to  investigate 

the physical  phenomena,  such as  the  quantum anomalous  Hall  effect (it is a Quantum 

kind of Hall effect that requires a combination of spin-orbit coupling and magnetic 

polarization to generate a finite Hall voltage even in the absence of an external magnetic 

field) but also as a  prerequisite for  TIs to be applied in spintronic and quantum 

computation (Chang et al.,2013). 

Table 1.1 LDA band gap for inverse perovskite oxides proposed topological 

insulator (Klintenberg et al., 2014) 

Material 
LDA (band gap) 

eV 

Ca3PbO (Pm-3m) 0.2 

Sr3PbO  (Pm-3m) 0.1 

Ba3PbO (Pm-3m) 0.1 

Sr3SnO(Pm-3m) 0.1 

Yb3SnO(Pm-3m) 0.1 

Ca3SnO(Pm-3m) 0.2 

Yb3PbO(Pm-3m) 0.2 

 

Introduction of magnetic dopants i.e. 3d transition metal into 3D TIs is considered 

a good approach to get ferromagnetism. However complications like the confirmation of 

the absence of other secondary phase formation in the bulk/locally on the surface, non-

uniform distribution or clustering of dopants still remains ambiguous for the 

ferromagnetic  mechanisms  in  3d  transition  metal  doped TIs. 

1.2 Motivation of the work  

The inverse perovskite oxides like Ba3SnO, Ca3SnO, Sr3SnO Ba3PbO, Ca3PbO and 

Sr3PbO have acquired immense research consideration in recent years owing to their 

remarkable properties suited to superconducting, thermoelectric, topological insulator as 

well as in magnetic applications. Some of these materials show topological insulator 

behavior where the bulk of these materials shows insulating property while a metallic 

conduction nature is obtained on the surface of these material (Qi and Zhang, 2011). In 

addition, the observation of ferromagnetic property of these materials has recently made 

https://en.wikipedia.org/wiki/Hall_effect
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them important for cutting edge research focusing on designing new materials for 

spintronic and future quantum computing applications. From a theoretical point of view, 

various research groups have employed density functional theory (DFT) based 

calculations for exploring the properties of Ba3SnO, Ca3SnO, Sr3SnO Ba3PbO, Ca3PbO 

and Sr3PbO. The most noteworthy advantage of DFT over experimental methods, to 

investigate the properties of these materials, is its computational accuracy and time 

saving. In experimental approach, the individual experiment must be done to fully 

research of each variable (parameter). This may take a very long amount of time and a 

large amount of finances and resources. Therefore, a first-principles analysis can be 

considered as a good choice to save time and cost.  

In the present study density functional theory (DFT) based first-principles total 

energy calculations have been performed using the state-of-the-art full-potential 

linearized-augmented plane-wave (FP-LAPW) method to investigate the physical 

properties of pristine and intrinsic vacancy defect-containing tin and lead based alkaline-

earth metal inverse perovskite oxides (A3PbO and A3SnO where A=Ca, Ba, Sr). Due to 

the noteworthy technological importance of inverse perovskite oxides (A3PbO and A3SnO 

where A=Ca, Ba, Sr) considerable experimental and theoretical studies have been done 

over the last few years. However, little attention has been paid to understand and explain 

the thermodynamic stabilities of these materials along with their electronic and magnetic 

properties in intrinsic vacancy defect containing A3PbO and A3SnO (A: Ca, Sr and Ba) 

inverse perovskite. Since the density functional theory (DFT) based ab-initio calculations 

have been developed into a powerful tool for exploring the properties of exotic  materials 

providing meaningful insight into the properties of these materials before carrying out 

experimental studies, the focus of the research work presented in this thesis is on the 

fundamental understanding of influence of intrinsic vacancy defects on electronic and 

magnetic properties of A3PbO and A3SnO (A: Ca, Sr and Ba) inverse perovskite and their 

applications. The ambitions and goals of present research are  

 

1. To perform a quantum mechanical DFT calculations to explore the lattice geometry 

and thermodynamics stability of A3SnO and A3PbO (as A = Ca/Sr/ Ba) inverse 

perovskite. 
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2. To investigate the influence of spin orbit coupling (SOC) on the electronic and 

magnetic properties of the materials under consideration. 

3. To study the influence of vacancy defects on the electronic and magnetic properties of 

these materials using supercell approach and to determine the cause of experimentally 

observed stable ferromagnetism in these TI materials  

4. To explore the thermodynamic stability of possible intrinsic vacancy defects in these 

materials by means of defect formation energies and to associate the stability of the 

intrinsic vacancies defects with experimentally observed properties of these materials. 

5. To provide detailed theoretical description of the ferromagnetisms ordering in these 

materials and to correlate them with the electronic structure calculations. 

 

In order to achieve above objective, we have carried out systematic DFT 

calculations to study Sn and Pb based inverse perovskite oxides Ba3SnO, Ca3SnO, 

Sr3SnO, Ca3Pb O, Ba3PbO and Sr3PbO in this thesis.  In chapter 2 a detailed review of 

the literature regarding the A3PbO and A3SnO (A= Ca, Ba, Sr) is presented to strengthen 

the motivation for the present work. Chapter 3 outlines the theoretical background of DFT 

and the mathematical procedure adopted for describing the thermodynamics of vacancy 

defects studied in the present work. In chapter 4 we present the calculated results for the 

thermodynamic, structural, electronic, and magnetic properties of pristine and intrinsic 

vacancy defects containing A3SnO and A3PbO compounds (Ca3SnO, Ba3SnO, Sr3SnO, 

Ca3Pb O, Ba3PbO and Sr3PbO), while a summary of the outcomes of the present work is 

provided in chapter 5. 
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  Chapter 2  

 

Review of Literature  

 

 

 

The under-investigation materials lead and tin based inverse perovskite oxides (A3BO; 

A= Ca, Ba, Sr) are of immense interest soon after their synthesis in 1980s by Widera and 

Schafer. They have been studied previously both experimentally and theoretically for 

some properties of pristine and intrinsic vacancy defects containing compounds. We 

review the literature to strengthen the motivation for the present work.  

Doped or vacancy defects containing topological superconductors and magnets 

are very imperative materials because of their plausible applications in the field of 

spintronics and quantum computation. Haque and Hossain, (2018) has performed DFT 

first principles calculations to investigate mechanical, electronic, magnetic, thermal and 

superconducting properties of Sr3SnO. Pristine Sr3SnO was found anisotropic, elastically 

stable and brittle in nature also weakly diamagnetic material. Further it was purposed that 

the superconducting transition temperature for Sr3SnO could be increased by doping with 

suitable element at Sn or Sr atomic sites. As Sn doping can increase contribution of s 

orbital of Sn and could improve superconducting properties. 

Density functional theory has become a prominent tool for calculating/estimating 

the properties of materials from many years. Hassan et al., (2018) investigated the optical, 

electronic, structural as well as thermoelectric properties of tin based pristine invers 

perovskite oxide A3SnO (A=Ca, Ba, Sr) using mBJ functional of density functional  

theory (DFT) in order  to disclose the potential multifunctional device 

applications.Ca3SnO was found good thermoelectric than Sr3SnO and Ba3snO. Further 
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All these materials (A3SnO) were found to direct band gap materials, having good 

absorption in IR region. 

Fortunately, one striking advantage of Tin based inverse perovskites oxides 

materials is that their properties like superconducting, electronic, magnetic etc., can be 

tuned by doping or introducing vacancy defects. Haque and Hossain, (2018) reported the 

effect of Ca substitution on the electronic and thermoelectric properties of Sr3SnO. Ca is 

substituted again Sr such that in Sr3-xCaxSnO the x varies from 0 to 3. The maximum 

thermoelectric performance was found for x=1 which showed that Ca substituted Sr3SnO 

is good thermoelectric material as compared to pristine SSO.   

A topological insulator is a material which has conducting surface states with bulk 

insulating behavior. Using ab-initio DFT calculations Chiu et al., (2017) by considering 

Ca3PbO as a representative example, proposed that type-I and type-II Dirac states appear 

at the surfaces of the inverse-perovskite materials A3EO (A= Ca, Ba, Sr; E= Sn, Pb). All 

compounds showed nontrivial topology with type-II Dirac surface states and bulk 

insulation, except Ba3SnO which showed gapless bulk states therefore having non-

topological metallic nature. The type-II Dirac surface states have van Hove singularities 

and disclosed Landau level spectrum. Further by low-energy theory and DFT-derived 

tight-binding model, the mirror Chern numbers were also calculated for the cubic inverse-

perovskite family A3EO (A=Ca, Ba, Sr; E=Sn, Pb). The calculated mirror Chern numbers 

deliver evidence about the number of left and right moving chiral modes which link 

valence and conduction bands. 

Intrinsic vacancy defects have played noteworthy role in introducing the different 

properties of inverse perovskite oxides. Therefore, measurements relevant to the positions 

and concentration of defects in any crystal structure is a big concern for the material 

scientists. Recently it was purposed that Superconductivity in Sr3SnO is merely due to the 

presence of Sr defects. Therefore Ikeda et al., (2017) investigated the effect of position 

and concentration of strontium deficiency in superconductive Sr3-xSnO both 

experimentally and using FPALPAW and the Korringa Kohn Rostoker Green function 

methods. It was found that Sr deficiency randomly distributed. Moreover, For the 

topological superconductivity predicted in the mixed region of the valence p and d 

conduction bands and x < 0.01 was most favorable for super-conduction. 
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The development of reliable methods for the growth of inverse Perovkites thin 

films is necessary not only for discovering novel  functionalities, but  also  for the   

clarifying  the band  structures of these materials  via  spectroscopic  measurements. 

Minohara et al., (2017) reported the growth of Ca3SnO on (001) oriented cubic yttria-

stabilized zirconia (YSZ) substrates  by  using  pulsed laser deposition  technique. The 

successful growth of epitaxial Ca3SnO films was confirmed by XRD and x-ray 

photoemission spectroscopy measurements. The growth of Ca3SnO by PLD could be a 

promising avenue for the research of inverse perovskite oxides in film form as well as 

artificial Perovkites/ inverse Perovkites oxide structures. 

Both the spin orbit coupling, and band inversion contribute to non-trivial band 

topology of inverse perovskite oxides. These two factors are major contributor to band 

overlapping or the appearance of Dirac cones in the band structure of A3SnO and A3PbO 

compounds. Kariyado and Ogata, (2017) using DFT based calculations and by taking 

Ba3SnO inverse perovskite structure as a proto type material the made a comparison with 

another Sn and Pb based inverse perovskite. Two Dirac cones were observed in band 

structure when band inversion dominates over the spin orbit coupling. It was also noted 

that the size of band inversion and spin orbit coupling can be controlled by A (Ca, Ba, Sr) 

cation in A3EO with E (Pb, Sn). The Ba3SnO, Ba3Pb can have more band overlapping as 

compared to Ca3SnO and Ca3PbO due to lager size of cation. So, size of cation indirectly 

controls the band inversion plus spin orbit coupling. 

To provide distinctive prospect of topological surface states and to manipulate 

them by designing artificial structures, Samal et al., (2016) described the use of molecular 

beam epitaxy for the epitaxial growth of Sr3PbO (SPO)thin films on LaAlO3. XRD 

analysis indicated that the (001) growth of Sr3PbO, where [100] of LaAlO3 matches [110] 

of Sr3PbO. Investigation of conduction showed that SPO films has a metal like 

conduction with p-type carrier density of about ∼1020 cm−3. Moreover, the deficiency of 

Sr or the excess of anions (O) or Pb may be considered as cause of holes generation in the 

film. Since in general excess of anion (Pb4−, O2−) and the lack of cation (Sr2+), can lead 

hole doping. This trend supported the clue that cation/anion stoichiometry controls carrier 

densities, as higher Sr/Pb infers excess of Sr2+ (deficient Pb4−) and cause the hole 

generation. Therefore, the defects in film were major cause of p-type nature of film.  

 



36 
 

Among the lead and tin based inverse perovskites oxides compounds Ca3SnO has 

attracted attention from numerous research groups owing to its promise for combining 

large thermoelectric power and low resistivity in a single material. Therefore Okamato et 

al., (2016) investigated the thermoelectric properties of Ca3SnO experimentally. Where 

Ca3SnO was found to exhibit p-type nature with a relatively high carrier mobility (about 

80cm2/Vs) and large thermoelectric power factor (The usefulness of a material in a 

thermoelectric generator or a cooler is usually described by the power factor, which is 

calculated by its Seebeck coefficient (S) and its electrical resistivity (ρ) under a given 

temperature difference i.e., 
𝑆2

𝜌
 )  as compared to lead based inverse perovskites Ca3PbO 

and Ca3Pb1-xBixO (where x=0, 0.1, 0.2). Since pristine Ca3SnO is expected to show 

insulating behavior, the low resistivity observed in CSO samples prepared by Okamato et 

al., (2016) were assigned to the non-stoichiometry originating from the presence of 

crystal defects. These properties of Ca3SnO are utilized for superconducting and 

spintronic applications. 

 

Investigations of the inverse perovskite oxides triggered by unconventional high 

temperature superconductors which lead the development of modern condensed matter 

physics. Sr3SnO is an important inverse perovskite oxide, with unusual negative ionic 

states of tin metal. Sr3SnO exhibited Dirac points in its electronic structure. Oudah et al., 

(2016) experimentally studied the superconducting properties of Dirac metal oxide 

(Sr3SnO) The synthesized SSO is characterized by XRD and the superconductivity 

measurements were done by four probe method. The hole doped Sr3-xSnO showed an odd 

parity topological superconductivity up to the curie temperature 5K, it had resemblance 

with the super-fluid 3HeB.  All the samples of Sr3SnO showing superconductivity had Sr 

deficiency, which either caused by Sr-deficient starting composition or by significant Sr 

evaporation during synthesis of sample. While stoichiometric Sr3SnO did not show 

superconductivity. Therefore, the major cause of superconductivity was the deficiency of 

strontium. 

Sn and Pb based inverse perovskites oxides with formula A3BO (A=Ca, Ba,Sr and 

B=Pb, Sn) compounds are usually narrow band gap semiconductors. Structural distortion 

can affect the band gap of these materials. Therefore, to recognize innovative electronic 

properties of these compounds should be examined over wide temperature range. So, 

Nuss et al., (2015) has accomplished analysis for several inverse perovskites with 

https://en.wikipedia.org/wiki/Thermoelectric_generator
https://en.wikipedia.org/wiki/Thermoelectric_cooler
https://en.wikipedia.org/wiki/Seebeck_coefficient
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structure A3BO (A: Ba, Ca, Eu, Sr and B: Sn, Pb, Si, Ge) materials from 50 to 500K using 

XRD technique  to discover the variation in their structures in above mentioned 

temperature range. M3SnO and M3PbO (M: Ba, Ca, Eu, Sr) showed  cubic structures of 

inverse perovskite  type at room temperature with unit cell parameters in range 4.8 A˚ to 

5.5A˚. 

The investigation of surface band structure and the spin textures of Dirac 

semimetals is important for applications like quantum computing and spintronic where 

spin manipulation prerequisite. Therefore Kariyado, (2015) investigated the spin texture 

and band structure of surface states Dirac materials Ca3PbO and its family. It was found 

that the surface states of Ca3PbO family showed strong spin momentum locking. For 

SOC, inversion symmetry and spin manipulation etc., the spin momentum locking is an 

important factor.  Ca3PbO and its family have surface states with band structure and spin 

texture were found to sensitive to sensitive to surface types of termination at surface as 

well as direction of surfaces.  

Topological crystalline insulators (TCIs) are new topological phases of matter in 

2D and 3D. Now-a-days inverse perovskites TCIs has been considered as a favorable 

venue for discovering the interplay between band crystal symmetry, topology and 

electron correlation. Therefore Hsieh et al., (2014) studied topological insulators in A3BX 

family where A= Ca, Sr, La, B= Pb, Sn and X=O, C, N.  The required properties of these 

materials were studied by a combination of kp model, topological band theory and first 

principle calculations. The major cause of topology in A3BX family was band inversion 

which can be described by Dirac equation. These materials showed a specific relationship 

between symmetry and topology, with robust surface states. Even number of band 

inversions were found in A3BX family due to the naturally presence of high-speed 

fermions the presence of band inversion causes the non-zero Chern number (nm=+2) for 

these compounds. Thus, above mentioned elements like symmetry, topology, and spin 

Dirac octet made this family promising for scientific efforts both experimental and 

theoretical.  

To determine new and exotic complex materials (i.e. topological materials) 

through the data mining of electronic structure using density functional theory became a 

noteworthy tool. Therefore Klintenberg et al., (2014) by using DFT based data mining 

technique has checked the topological behavior of about 130000 compounds. For the 
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DFT analysis purpose the input (lattice parameter) was taken from experiment. Local 

Density Approximation (LDA) were used to approximate lattice parameters of all the 

materials. The inverse perovskites oxide-based materials exhibited energy gap less than 

0.5eV and showed   anti-crossing feature at Gamma point with the inclusion of spin orbit 

coupling. These materials were considered as candidate for topological insulation.  

Approximately 7 (tin based and remaining were Lead (Pb) based inverse perovskite 

oxides (A3SnO and A3PbO, where A: Ca/Ba/Sr/Yb) compounds exhibited the topological 

insulation. 

Inverse perovskite also exhibits dilute magnetic semiconductor (DMS) behavior 

that combines ferromagnetism (FM) with semiconducting properties. The DMS are an 

exciting new class of materials which provide magnetic functionalities in electronic 

devices that can be controlled by means of an electric field.  Lee et al., (2013,2014) 

unveiled stable DMS in non-stoichiometric SSO where the origins of room temperature 

FM originates was assigned to the presence of intrinsic vacancy defects. The pulsed laser 

deposition method was used for the growth of thin film of Sr3SnO on cubic yttria 

stabilized zirconia Si (001). The magnetic and electric properties found to be intrinsic 

vacancy defects concentration dependent. Further the magnetic properties of Sr3SnO 

under various post growth annealing conditions were also studied. Vacuum annealing 

after the growth of film enhanced the room temperature ferromagnetism of the film. 

While the post growth oxygen annealing causes the decrease in magnetism. The bound 

polarons model (BPM) showed that the vacuum annealed film had ferromagnetism due to 

the formation of oxygen vacancies. The XPS studies reflected that the magnetism was 

mainly caused due to oxygen vacancies and its independent of presence of any impurity. 

To, increase the concentration of O vacancies in film the vacuum annealing was used 

after the synthesis of film. The properties of Sr3SnO film were found to greatly influence 

by oxygen defects. The vacancy defects useful to tune properties of inverse perovskite 

that might helpful in spintronic device and quantum computing applications. 

The exploration of physical properties of materials using DFT has considered as 

enthuse tool for the experimental research. Furthermore, DFT is a good way to 

understand the relationship between the electronic, elastic and optical properties as 

understanding of these properties are crucial for functional devices. Consequently 

Cherred et al. (2011) reported the correlation of valance electrons concentration with the 

structural, elastic and electronic properties of A3SnO (A=Sr, Ba, Ca) inverse Perovkites 
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oxides and compared their properties with perovskites ASnO3 compounds. All the 

properties were studied under using LDA exchange correlation scheme. The optical 

properties of materials were extracted from complex dielectric function. The optical 

constants of materials calculated in radiation range near to 20 eV. The A3SnO compounds 

were establish less covalent than ASnO3. The band structure calculation showed that all 

inverse perovskite compounds ASnO3 have indirect band gap while all perovskites 

compounds A3SnO showed a direct band gap. The hardness of compounds was presented 

in term of Millikan charge transfer and chemical bonds. A3SnO compounds were found 

less covalent than ASnO3. Both ASnO3 and A3SnO compounds showed good reflectivity 

in ultra violet region therefore these compounds can be good choice for UV shielding 

devices.  

The organic conductor α-(BETT-TTF)2I3 showed the existence of Dirac electrons 

near the Fermi level like the graphene. The crystal symmetry and involved orbitals play 

important roles in sustaining Dirac electrons in the band structures of materials. Kariyado 

and Ogata (2011 2012) theoretically investigated the three-dimensional topological 

insulator Ca3PbO and its family (Sr3PbO, Ba3PbO and Ca3SnO) for the probable cause of 

Dirac fermions in bulk band gap of materials using DFT based FPAPW (full potential 

augmented plane wave) method. In the Brillouin zone about six small mass Dirac 

electrons were found along line joining gamma and X points. It was found that Ca3PbO 

and its family had approximately similar band structure with same number of Dirac 

electrons. The Dirac electron existence is dependent on the overlap of p and d bands. The 

overlapping of p and d bends can be directly linked with the size of cation i.e Ca, Ba, Sr 

etc. The Dirac electrons were existed in 3-D near the Fermi energy. Tight bonding model 

was used to discover the reason of existence of the Dirac electrons and it was predicted 

that the crystal symmetry with the orbital involved were major cause of these electrons’ 

existence.     
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Chapter 3   

 

Materials and Methods 

 

 

 

The advancement of modern materials science has led to a need for understanding the 

phenomena on atomic and electronic levels which are responsible for the properties of 

materials. These processes are based on the laws of quantum mechanics and therefore an 

accurate and efficient technique for solving quantum mechanics equations for many 

atoms and many electrons system is required.  Density functional theory (DFT) is such an 

effective technique which provides the understanding of electronic level processes and 

delivers information on how these processes can affect material properties. In the present 

work we have used DFT based first principle calculations for the exploration of Tin and 

Lead based inverse perovskite oxides with general formula A3SnO and A3PbO (A=Sr, Ca, 

Ba) respectively.  Therefore, in this chapter we introduce the theoretical framework of 

DFT. We start this from the Schrödinger equation and redraft the problem into its DFT 

equivalent.  

3.1 The Schrodinger Equation 

A solid is usually a coupled system where interactions between electrons and nuclei are 

present. To tackle interacting electrons and nuclei commonly used quantum mechanical 

approach is the time independent, non-relativistic Schrodinger equation is given as    

�̂�𝛹𝑖(�⃗�1,�⃗�2, . . . �⃗�𝑛,�⃗⃗�1, �⃗⃗�2, … �⃗⃗�𝑚) = 𝐸𝑖𝛹𝑖(�⃗�1,�⃗�2, . . . �⃗�𝑛,�⃗⃗�1, �⃗⃗�2, … �⃗⃗�𝑚)      (3.1) 

In above equation �̂� is Hamilton operator for condensed matter system consisting of N 

electrons and M nuclei in the absence of external magnetic and electric fields. �̂� is 
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basically a differential operator that represents the total energy of system. It has following 

contribution 

�̂� = 𝑇𝑁 + 𝑇𝑒 + 𝑉𝑁𝑒 + 𝑉𝑁𝑁 + 𝑉𝑒𝑒                                                            (3.2) 

The first two terms are kinetic energy operators for nucleus and electron 

respectively, while the last three are describing potential part of Hamiltonian attractive 

nucleus- electron (𝑉𝑁𝑒) , and repulsive nucleus- nucleus (VNN), electron-electron (Vee) 

electrostatic interactions. Hamiltonian in differential form can be written as  

�̂� = −
ℎ2

2
  ∑

1

𝑀𝐴
 ∇𝐴

2𝑀
𝐴=1 −  

ℎ2

2𝑚𝑒
 ∑ ∇𝑖

2 +
𝑒2 

4𝜋𝜖0
 [− ∑ ∑

𝑍𝐴

𝑟𝑖𝐴
+𝑀

𝐴=1
𝑁
𝑖=1

𝑁
𝑖=1

 ∑ ∑
𝑍𝐴𝑍𝐵

𝑅𝐴𝐵

𝑀
𝐵>𝐴

𝑀
𝐴=1 +  ∑ ∑

1

𝑟𝑖𝑗

𝑀
𝑗>1

𝑀
𝑖=1 ]                                                          (3.3)                                                                                              

In above equation the riA, RAB and rij are representing the electron–nucleus, 

nucleus–nucleus and electron- electron distance respectively. While Ψi (�⃗�1,�⃗�2,..�⃗�𝑛,�⃗⃗�1,�⃗⃗�2, 

… �⃗⃗�𝑚) is the wave function which depends on 3N spatial coordinates (𝑟𝑖 and N spin 

coordinates (𝑠𝑖) of electrons which are collectively termed ( 𝑥⃗⃗⃗𝑖 ) and 3M spatial 

coordinates of nuclei(�⃗⃗�𝑖). Wave function (Ψi) contains all the information about the 

quantum system. Ei is representing the value of energy for the quantum state of given 

wave function (Burke, 2007). 

3.2 Born Oppenheimer Approximation 

The equation 3.1 is a partial differential equation of 3N+3M variables. Therefore, 

it is extremely difficult to solve even for a simplest condensed matter sample. However, 

the Hamiltonian described above can be simplified by decoupling the nucleus and 

electronic motions.  As the mass of nucleus is greater the electron for example even for 

lightest element Hydrogen the mass of nucleus is 1800 times than an electron therefore a 

nucleus can be approximated as being stationary and electron is moving in its field. This 

is called clamped nuclei or Born-Oppenheimer approximation. So, the kinetic energy 

operator (TN) can be removed from equation 3.2 and also the nuclear-nuclear interaction 

(VNN) can be neglected from the above equation and with these assumptions the 

Hamiltonian for electronic Schrodinger equation is given as 

                          �̂� = 𝑇𝑒 + 𝑉𝑁𝑒 + 𝑉𝑒𝑒                                                                               (3.4) 
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�̂� = −
ℏ2

2𝑚𝑒
∑ ∇𝑖

2 +𝑁
𝑖=1  

𝑒2

4𝜋𝜖0
[− ∑ ∑

𝑍𝐴

𝑟𝑖𝐴
+ ∑ ∑

1

𝑟𝑖𝑗
]𝑀

𝑗>𝑖
𝑀
𝑖=1

𝑀
𝐴=1

𝑁
𝑖=1                    (3.5) 

The VNe is now termed as external potential on electron due to nucleus. The 

Hamiltonian obtained after Born Oppenheimer approximation is simple but remain quite 

difficult to solve. Therefore to overcome this problem in order to simplify Hamiltonian 

Variational principle and Hartree-Fock approximation are frequently used in Quantum 

Mechanics (Gross and Dreizler 2013). 

 3.3 The Variational Principle 

The technique to find the ground state energy in quantum mechanics is by given by 

Variational principle. The total energy of the system with Hamiltonian  �̂�, can be 

expressed as 

                      𝐸(𝛹) =
⟨𝛹|�̂�|𝛹⟩

⟨𝛹׀𝛹⟩
                                                                                     (3.6) 

Where Ψ is the wave function which must be normalized 

                           ∫ |𝛹(𝑥)|2𝑑𝑥 = 1
+∞

−∞
                                                                             (3.7) 

            𝐸ₒ = 𝑚𝑖𝑛𝛹→𝑁𝐸(𝛹) = 𝑚𝑖𝑛𝛹→𝑁⟨𝛹|𝑇𝑒 + 𝑉𝑁𝑒 + 𝑉𝑒𝑒|𝛹⟩                       (3.8) 

Thus, according to Variational principle, the ground state energy is a function of 

number of electrons N, and the nuclear potential (Vext).  

                           Eₒ(Ψ) = E (N, Vext)                                                                             (3.9) 

3.4 The Hartree Fock Approximation 

Even with variational principle it is not possible to solve equation 3.8 by searching 

through all acceptable N-electrons wave functions. The first practical approach to solve 

equation 3.8 is termed as Hartree Fock scheme. In Hartree Fock method the N electrons 

wave function is given by an anti-symmetric product of N one electrons wave function. 

This product is termed as Slater determinant given below. 
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Ψ0 =
1

√N!
|

|

𝛹1(𝑥1) 𝛹1(𝑥2) … . . 𝛹𝑛(𝑥𝑛)

𝛹2(𝑥1) 𝛹2(𝑥2) … . . 𝛹𝑛(𝑥𝑛)
.                .                  .
.                .                  .
.                .                  .

𝛹𝑛(𝑥1) 𝛹𝑛(𝑥2) … . . 𝛹𝑛(𝑥𝑛)

|

|
                                                 (3.10) 

Here the variables x includes the coordinates of both space and spin of electrons. 

Construction of wave function using slater determinant satisfies the property of anti-

symmetry and orthogonality. The orthogonal orbitals Ψi are minimized energy for this 

determinant form 

EHF  =  Eₒ   𝑚𝑖𝑛𝛹→𝑁  𝐸(𝛹 )                                                                     (3.11) 

Eₒ = ∑ 𝐻𝑖
𝑛
𝑖=1 +

1

2
∑ ∑ (𝐽𝑖𝑗 − 𝐾𝑖𝑗)𝑛

𝑗=1
𝑛
𝑖=1                                                   (3.12) 

Here the subscripts i and j are representing the summation over orbitals. The first 

term in equation 3.12, Hi is the representation of one electron contribution to total energy 

(i.e. K.E and P.E due to nuclear-electron coulomb interaction). 

Hi = ∫ 𝛹𝑖 
∗ (𝑥𝑖)(𝑇𝑒 + 𝑉𝑁𝑒)𝛹𝑖(𝑥𝑖) 𝑑𝑥𝑖                                                     (3.13) 

The second and third terms in equation  3.12 are Columb and exchange intergral  

for any two electrons. These terms are describing the electron-electron interaction 

𝐽𝑖𝑗 = ∬ 𝛹𝑖(𝑥𝑖)𝛹𝑖
∗(𝑥𝑖)

𝑒2

𝑟𝑖𝑗
 𝛹𝑗

∗(𝑥𝑗)𝛹𝑗(𝑥𝑗)𝑑𝑥𝑖𝑑𝑥𝑗                                   (3.14) 

𝐾𝑖𝑗 = ∬ 𝛹𝑖
∗(𝑥𝑖)𝛹𝑗(𝑥𝑖)

𝑒2

𝑟𝑖𝑗
 𝛹𝑖(𝑥𝑗)𝛹𝑗

∗(𝑥𝑗)𝑑𝑥𝑖𝑑𝑥𝑗                                   (3.15) 

𝐽𝑖𝑗  is called coulomb integral which is simply the electrostatic potential that arises 

from the charge distribution of N electrons. This term includes a physical self- interaction 

of electrons for j=i.  The 𝐾𝑖𝑗  is called exchange term. Which exactly cancels the self-

interaction error when 𝐾𝑎𝑎 = 𝐽𝑎𝑎. The electrons of same spins avoided each other due to 

Pauli exclusion principle is represents by exchange term. Hence each electron of a spin is 

surrounded by an exchange hole (i.e. a small volume around the electron in which like 

spin electron could not exist). However, the Hartree Fock scheme did not cover the 

electron correlation as it is based on mean field approximation that each electron moves 

in the electrostatic field of nuclei and senses the influence of the average distribution of 
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the other N-1 electrons. It means in electron-electron correlation energy (which is caused 

by instantaneous repulsion of electrons) is treated in an average way. Therefore, it is 

considered that since electrostatic interaction is considered as average in Hartree-Fock 

scheme, so any two electrons could reach too closer to each other. This is a major cause 

of error in overall ground state energy measurement using Hartree Fock scheme (Kitaura 

and Morokuma, 1976). 

3.5 Electron Density as basic variable for Density Functional Theory 

In conventional quantum Physics the wave function (Ψ) is used as central quantity 

because if we find Ψ (or a good approximation to it) then we can access to all information 

related to the particular state of our target system. However, there are severe problem 

with wave function-based treatment of quantum mechanical treatment. Firstly, the wave 

function (Ψ) is a very complex quantity which cannot reveal experimentally, and it be 

determined by (1+3) N variables (one spin and three spatial) variables for each of the N 

electrons of system under investigation. The systems usually found in Physics, Chemistry, 

Biology and materials science comprises large number of atoms and electrons. 

Consequently, the computational treatment of wave function based is usually become 

unmanageable. Secondly the Hamilton operator �̂� contains only operators that act on one 

(VNe and T) or at most two (Vee) particles at a time, regardless of the size of the system. 

We can take less complicated quantity as the central variable that is the electron density. 

We want to use the electron density ρ (r) because it is a quantity that depends only on the 

three spatial variables. The electron density has following properties  

(i) The density integrates to the number of electrons i.e. ∫ 𝜌(𝑟𝑖)⃗⃗⃗⃗⃗  𝑑 𝑟𝑖⃗⃗⃗⃗  

(ii) ρ(r) is maximum only at the position R of the nuclei and contains  

 Information   about the nuclear charge 

(iii) It can be easily find experimentally using XRD 

3.5.1 The Thomas Fermi Model   

The first effort for gaining information about atomic and molecular systems by the usage 

of electron density, instead of the wave function was purposed by Thomas and Fermi 

(1927). In the quantum statistical Thomas and Fermi model only, the K.E of electrons 

dealt quantumly and classical terms are used to treat the nuclear-electron and electron-

electron interaction. In their model a very simple expression was used for the kinetic 
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energy which based on a uniform gas of electrons (a fictitious model system of constant 

electron density). The well-known Thomas-Fermi expression consist a combination of 

repulsive and attractive classical electron-electron and nuclear-electron potentials 

respectively with the quantum expression for the K.E of uniform electron gas. 

 ETF [ρ (r)] = 
3

10
(3𝜋2)

2

3 ∫ 𝜌
5

3(𝑟) 𝑑𝑟 − 𝑍 ∫
𝜌(𝑟)

𝑟
𝑑𝑟 +

1

2
∬

𝜌(𝑟1)𝜌(𝑟2)

𝑟12
𝑑𝑟1𝑑𝑟2(3.16)        

The above equation is a prescription for how to map a density ρ onto an energy E 

without any additional info. Additionally, the Thomas-Fermi model works on the 

Variational principle. The ground state of the system is connected to that electron density 

for which the energy according to above expression is minimized under the constraint 

of∫ 𝜌(𝑟𝑖)⃗⃗⃗⃗⃗  𝑑𝑟𝑖⃗⃗⃗ . However, the Thomas Fermi model was only treated the energy without 

considering the effect of exchange and correlation. This makes it practically important. 

But this was a first reliable attempt to use density as basic variable (Lieb and Simon, 

1977). 

 3.5.2 Hohenberg Kohn Theorem 

Hohenberg and Kohn, (1964) purposed two theorems which established the foundation of 

density functional theory. By considering an arbitrary system they purposed that the 

electrons in that system move under the influence of   some external potential Vext and 

interact through coulomb repulsion. According to Hohenberg first theorem “the non-

degenerate electron density ρ (r) can be used to find the external potential Vext”. By their 

first theorem it is concluded that the external potential of any quantum mechanical system 

is a functional of ground state density Vext [ρ (r)]. Therefore, there is a one to one 

correspondence is between density and external potential i.e. Vext → ρ (r) and any many 

electrons system has a unique external potential which gives an unique wave function that 

corresponds to a unique electronic density.  

The second Hohenberg and Kohn theorem based on variational principle it states 

“the ground state energy functional E [ρₒ(r)] reaches to its minimum at correct ground 

state electron density corresponding to external potential Vext” or “The correct density is 

the one that produces the minimum energy” therefore E [ρₒ(r)]≤ E [ρ(r)]. According to 

the second Hohenberg and Kohn theorem total energy functional can be written as E 

[ρ(r)] = FHK [ρ(r)] + Vext  [ρ (r)].In above relation ρ(r) is trail electronic density,  FHK 
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[ρ(r)] is HK functional which is universal for many electrons problem which is not 

dependent on nuclei. Therefore, an expression for FHK [ρ(r)] was required which can be 

used for molecules and solids. But a very well-defined expression for FHK [ρ(r)] was 

unknown. Second Hohenberg and Kohn theorem allows to get ground state electron 

density which correspond to external potential. (Görling, 1999). 

3.5.3 The Kohn-Sham Equation 

The Hohenberg-Kohn theorem only gives the existence of Functional F [ρ] but did not 

provide a way to define its form.  Kohn and Sham, (1965) developed a computational 

scheme by mapping the interacting electron system onto a system of non-interacting 

independent particles. The density is constructed as the sum of the individual particle 

densities of the Kohn-Sham eigen functions 𝜑𝑖. Where density is 𝜌(𝑟) =

∑ |𝜑𝑖(𝑟)|2𝑛
𝑖=1 .Once density is known then the total ground state energy can be defined as 

the functional of density 

 𝐸[𝜌(𝑟)] = 𝑇ₒ[𝜌] +
1

2
∬

𝜌(𝑟1)𝜌(𝑟2)

𝑟12
𝑑𝑟1𝑑𝑟2 + 𝐸𝑋𝐶[𝜌] + ∫ 𝑉𝑁𝑒𝜌(𝑟)𝑑𝑟     (3.17) 

First term in above equation (Tₒ) represents is the sum of K.E of non-interacting 

particles. While second term is Hartree term describes the coulomb interaction between 

electron, mean how density interact with itself, while third term EXC is the exchange 

correlation and forth one is interaction between nucleus and electrons density. The above 

equation can be written as 

 𝐸[𝜌(𝑟)] =
−1

2
∑ ⟨𝜑𝑖|𝛻

2|𝜑𝑖⟩
𝑁
𝑖 +

1

2
∑ ∑ |𝜑𝑖(𝑟1)|2𝑁

𝑗
𝑁
𝑖

1

𝑟12
|𝜑𝑗(𝑟2)|

2
𝑑𝑟1𝑑𝑟2 +

𝐸𝑋𝐶[𝜌(𝑟)] − ∑ ∫ ∑
𝑍𝐴

𝑟1𝐴

𝑀
𝐴

𝑁
𝑖 |𝜑𝑖(𝑟1)|2𝑑𝑟1                                               (3.18) 

According to Variational principle to minimize energy the orbital 𝜑𝑖  must satisfy 

following constraint  〈𝜑𝑖׀𝜑𝑗〉 =𝛿𝑖𝑗. Therefore, the resulting equation become 

𝐸[𝜌(𝒓)] = [−
1

2
∇2 + {∫

𝜌(𝒓𝟐) 

𝒓𝟏𝟐
 𝑑𝒓2 + 𝑉𝑋𝐶(𝒓𝟏) − ∑

𝑍𝐴

𝑟1𝐴
}]𝜑𝑖

𝑀
𝐴 = [−

1

2
∇2 +

𝑉𝑒𝑓𝑓(𝑟𝑖)] 𝜑𝑖 = 𝜖𝑖𝜑𝑖                                                                           (3.19) 

A DFT calculation begins with an initial guess of the non-interacting single 

particle wave functions,(𝜑𝑖). Using the density constructed from this initial guess, the 
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Kohn-Sham equations are solved to give new eigen-functions, which provide a new 

density. The process is repeated until the total energy converges to a value arbitrarily 

close to the true (DFT) ground state energy (Orio et al., 2009). 

3.5.4 The Exchange Correlational Functional 

In principle the Kohn Sham equation can deliver the exact solution to the ground state 

energy of many electrons system. The Kohn Sham equation usually gives exact treatment 

of electronic energy of system including the major part of Kinetic Energy. While 

remaining parts are collectively into the term Exc (𝜌 i.e the exchange correlation energy 

given in above equation. These included the portion of K.E not covered by non-

interacting system, non-classical electron interaction along with correction of self-

interaction term. The Exc (𝜌  is used to find exchange potential Vxc i.e. 𝑉𝑋𝐶 ≡
𝛿𝐸𝑋𝐶

𝛿𝜌
 

.However Exc (𝜌 is usually unknown and can be approximated. Because of Exc (𝜌) density 

functional theory is an approximation. Different types of approximations are used to get 

Exc (𝜌). 

Local density approximation (LDA) or local spin density approximation has been 

used the extensively for the calculation of exchange-correlation energy Exc (𝜌 in the 

Kohn-Sham equation. In the LDA Exc (𝜌 can be calculated accurately from homogenous 

electronic gas). The Exc (𝜌 is an integral over all space, such that the exchange-correlation 

energy at each point in space assumed to dependent only the density at that point). 

𝐸𝑋𝐶
𝐿𝐷𝐴(𝜌) = ∫ 𝜌(𝑟)휀𝑋𝐶(𝜌(𝑟))𝑑𝑟                                                             (3.20) 

While 휀𝑋𝐶(𝜌(𝑟)) exchange correlation energy per electron in homogenous gas of density 

𝜌(𝑟)The generalized gradient approximation (GGA) includes the 𝜌(𝑟) with the gradient 

of density 𝛻|𝜌(𝑟)|. So GGA can deals with inhomogeneous system.  GGA usually give 

reliable results compared to LDA.  

𝐸𝑋𝐶
𝐿𝐷𝐴(𝜌) = ∫ 𝑓(𝜌(𝑟))𝛻|𝜌(𝑟)|𝑑𝑟                                                           (3.21) 
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3.6 All Electron Full Potential Linearized Augmented Plane Wave Plus 

Local Orbital (FLAPW+lo) Method 

In our research work we have used self-consistent all-electron FLAPW+lo with PBE- 

GGA exchange correlation  scheme. This method is call full potential because no shape 

approximation for charge density and potential is considered for ground state energy. 

Further the term lo (local orbital) is used for basis functions which added to improve 

linearization and to treat semi core and valance states in one energy window (Schwarz et 

al., 2002) 

 

 

 

 

 

 

 

            Figure 3.1. The schematic geometry of solid in FLAPW 

 

In FLAPW+lo method condensed matter, divide the unit cell by two different 

parts  muffin-tin sphere and  interstitial regions between the spheres.Fig.3.1 shows the 

schematic geometry in FLAPW calculation, where RMT means the radius of muffin-tin 

sphere. The plane wave basis sets use to define electrons in the interstitial region. While 

spherical harmonic bases sets are used in muffin-tin spheres. To increase the flexibility of 

the basis or for the improvement the linearization the semi core and valence states should 

be treated in one energy window. Further additional (kn independent) local orbital-based 

basis functions are also added. The solutions to the Kohn-Sham equations are expanded to 

combination of these basis sets according to the linear variation method (Blaha et al., 

2014). 
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In present work for exploring the physical properties of pristine and intrinsic 

vacancy containing Sn and Pb based inverse perovskite oxides with general formula 

A3SnO and A3PbO (A=Sr, Ca, Ba) respectively. We employed the WIEN2k code which 

utilizes full-potential linear-augmented plane-wave (FP-LAPW) method (Blaha et al., 

2014) of DFT for computing the electronic structure of A3SnO and A3PbO. The Perdew-

Burke-Ernzerhof generalized gradient approximation (PBE-GGA) parameterization 

scheme has used as the exchange-correlation functional (Perdew et al., 1997). 

In presents work the thermodynamic stability, formation energies of intrinsic 

vacancy defects and the electronic structures of pristine and defective A3SnO and A3PbO 

have been explored by means of density functional theory calculations (DFT). Our 

predicted results will support for future researcher to understand the above-mentioned 

properties of inverse Perovkites.  

3.7 Thermodynamic stability of A3SnO and A3PbO compounds 

To determine the stable synthesis of A3SnO and A3PbO (A=Sr, Ca, Ba) 

compounds, the thermodynamic stability of these compounds should be considered which 

provides the valid ranges of atomic chemical potentials of the atoms constituting these 

compounds. The chemical potential is the reservoir of energy that is consumed during a 

stable chemical reaction. The valid limits of atomic chemical potential can then be used to 

define the Thermodynamic Stability Diagram (TSD) of a ternary compound like the ones 

studied here and enables one to investigate formation energies of the vacancy defects 

(Zhang and Northup, 1991). In principle, the atomic chemical potential of atomic specie 

in its stable gaseous/solid elemental form is related with the chemical potential of the 

same isolated atom µx (Erthart and Albe, 2007) by the formula. 

𝜇𝑥 = 𝜇𝑥
𝑔𝑎𝑠 𝑠𝑜𝑙𝑖𝑑⁄

+ ∆𝜇𝑥                                                                              (3.22) 

With this assumption, the valid limits of atomic chemical potentials in case of 

A3BO (where A=Ca/ Sr/Ba; B=Pb/Sn) must satisfy 

           ∆𝜇𝐴 + ∆𝜇𝑂 ≤ ∆𝐻𝑓
𝐴𝑂                                                                           (3.23) 

               ∆𝜇𝐴 + ∆𝜇𝐵 ≤ ∆𝐻𝑓
𝐴𝐵                                                                                (3.24) 

             2∆𝜇𝐴 + ∆𝜇𝐵 ≤ ∆𝐻𝑓
𝐴2𝐵                                                                            (3.25) 
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                      3∆𝜇𝐴 + ∆𝜇𝐵 + ∆𝜇𝑂 = ∆𝐻𝑓
𝐴3𝐵𝑂                                                              (3.26)  

For Eq. (3.23) to (3.26), the enthalpies of formation of AO, AB, A2B, A3BO have been 

computed using 

∆𝐻𝑓
𝐴𝑂 = 𝐸𝑡

𝐴𝑜 − 𝐸𝑡
𝐴 −

1

2
𝐸𝑡

𝑂2                                                                  (3.27) 

∆𝐻𝑓
𝐴𝐵 = 𝐸𝑡

𝐴𝐵 − 𝐸𝑡
𝐴 − 𝐸𝑡

𝐵                                                                     (3.28) 

                         ∆𝐻𝑓
𝐴2𝐵 = 𝐸𝑡

𝐴2𝐵 − 2𝐸𝑡
𝐴 − 𝐸𝑡

𝐵                                                               (3.29) 

∆𝐻𝑓
𝐴3𝐵𝑂 = 𝐸𝑡

𝐴3𝐵𝑂 − 3𝐸𝑡
𝐴 − 𝐸𝑡

𝐵 −
1

2
𝐸𝑡

𝑂2                                              (3.30) 

         Where 𝐸𝑡
𝐴3𝐵𝑂 , 𝐸𝑡

𝐴𝐵,𝐸𝑡
𝐴𝑂,𝐸𝑡

𝐴2𝐵,𝐸𝑡
𝐵and𝐸𝑡

𝐴are the minimum total energies of GGA 

optimized bulk unit cells of A3BO,AB, A2B, AO, B and A respectively. 𝐸𝑡
𝑂2 on the other 

hand represented  the energy of O2 molecule which has been computing by computed by 

adding the PBE-GGA cohesive energy of oxygen molecule (𝐸𝑐
𝑂2) in twice the total energy 

of a single oxygen atom (𝐸𝑡
𝑂) which is computed using Г-point k sampling in a large 

supercell (Tran et al., 2007) 

𝐸𝑡
𝑂2 = 2𝐸𝑡

𝑂 + 𝐸𝑐
𝑂2                                                                                  (3.31) 

The stability points calculated in the thermodynamic stability diagram provide the 

valid ranges of atomic chemical potentials (∆𝜇𝐴, ∆𝜇𝐵, ∆𝜇𝑂) which dictate defect formation 

energies of intrinsic vacancy defects in SSO. 

3.8 Defect formation energy 

The formation energy 𝛺[𝑋] of a defect X is defined as difference of energy 

between the defective system under investigation and the pristine compound containing 

no intrinsic vacancy defects. Mathematically, we can define defect formation energies 

with the following formula  

𝛺[𝑋] = 𝐸𝑡[𝑋] − 𝐸𝑡
𝐴3𝐵𝑂

+ 𝜇𝑥                                                                     (3.32) 

In eq. (3.32) the Et [X] and Et
A3BO (where A=Ca, Ba, Sr and Ba, Pb) are the 

minimum total energies of a supercell containing A or B or O vacancy and the pristine 

supercell of A3BO (where A=Ca, Ba, Sr and Ba, Pb). 𝜇𝑥 is the atomic chemical potential 

that vary between maximum and minimum limits. In present work we calculated the 
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defect formation energy for neutral intrinsic vacancy defects A3BO (where A=Ca, Ba, Sr 

and Sn, Pb). 

3.9 Structural, bonding and Magnetic properties  

In the present work, structural properties are described in term of bond lengths and Bader 

charges are evaluated for determining the bonding properties of different atomic species 

in pristine and defective supercells of A3SnO and A3PbO (A=Sr, Ca, Ba) compounds.  

The inverse perovskite oxide A3BO (where A=Ca/ Sr/Ba; B=Pb/Sn )  has cubic structure 

with the different occupancy of metal B(Sn/Pb) and oxygen contrary to perovskite  ABO3. 

In A3BO oxygen atom is surrounded by B octahedron, while twelve A atoms form a 

cuboctahedron which surrounded the B atom (Nuss et al., 2015). With this coordination 

environment the balanced charged formula for   A3BO would be 𝐴3
2+𝐵4-𝑂2-, which shows 

an unusual 4- oxidation state for Sn  and Pb.  

In its pristine form, the we calculated the bond lengths A–B, A–O and B–O of 

PBE-GGA optimized cubic unit cell of A3BO. If an atomic site is vacated in the 2x2x2 

supercell of A3BO. The minimization of internal forces causes changes in the atomic 

positions of the atoms surrounding the vacant site. In the present work we have performed 

force minimization of intrinsic vacancy defect containing supercells of A3BO with and 

without spin-polarization. Comparison of the non-magnetic (NM) and FM calculations 

only show significant differences in the calculated total energies, charge densities and 

structural properties for the case of Sn vacancy containing 2x2x2 supercell of A3BO. On 

the other hand, the relaxation of internal parameters for NM and FM cases is different for 

A or B or O vacancy containing supercells of A3BO compounds. 

To elaborate on the bonding properties of pristine and intrinsic vacancy containing 

supercells of A3BO we have computed the effective Bader charges. A solid is made up of 

atoms though it is not clear how to allocate the space or position for the individual atom. 

A conceivable solution is to make use of the observable electron density ρ (r) of the 

system at ground state, which can be calculated/determined either by experimental data 

i.e  X-rays crystallography or by first principle calculation (by  Kohn Sham wave 

function). Bader (1985) purposed the concept of each atom (basin) is defined by a region 

in real space enclosed by the 2-D surface through, that no flux is in the gradient vector 

field of Δρ(r) this is called zero flux surface that every point in surface obey Δρ(r) . n (r) 
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=0 or Any 2D surface on which charge density is exhibited a minimum perpendicular to 

the surface is termed as zero flux surface. 

 

 

Figure 3.2 A part of a contour map for the charge 

distribution displaying two partitioning surfaces 

with its intersection. The line of intersection for 

surface a is crossed by the p vector. The 𝛻𝜌 is 

tangent to the line of intersection of b surface, at 

every point on the surface (Bader,1985). 

 

 

n (r) and𝛻𝜌 are vector perpendicular to the surface and  𝛻𝜌 is the gradient of 

density respectively. In solid systems, a place where 𝛻𝜌 =0 is considered a point where 

atoms separate from each other as shown in fig 3.3.The Bader charge is used to calculate 

charge transfer between the atom  as well as it helps to find the nature of bond (covalent 

or ionic) between the atoms. Bader's theory is beneficial for the quantitative charge 

analysis i.e. the charge enclosed inside the Bader volume is a good estimate to the total 

electronic charge of an atom. Bader's theory can also be used to define the hardness of 

atoms, in order to quantify the cost of removing charge from an atom. The theory also 

offers a definition for chemical bonding that gives numerical values for bond strength. 

 

 

 

 

 

     

 

    Figure 3.3.  Charge density distribution between two atoms in a solid 
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In present work the Bader charge is calculated for both pristine A3SnO and A3PbO 

(A=Ca/ Sr/ Ba) compounds. Moreover the effect of intrinsic defects on the properties i.e. 

charges transfer etc. in term of Bader charge of these compounds is also computed. 

As intrinsic vacancy defects can affect the optical, transport, thermodynamic as 

well as magnetic properties of material. Therefore in order to examine the effect of  

intrinsic vacancy on the  magnetic properties of the intrinsic vacancy containing 

supercells of A3BO.we have calculated the difference of the minimum total energies of 

NM and FM phases (ΔE=Enm – Efm) along with the total, interstitial, and local Magnetic 

moment of A, B and O atoms. 

3.10 Electronic properties A3BO (where A=Ca, Ba, Sr and Ba, Pb) 

compounds 

The combination of orbital angular momentum to the electron spin in atoms is a 

relativistic effect which is termed as spin-orbit coupling (SOC) and it can be considered 

as a slight perturbation in the calculation/estimation of solids properties. The total energy 

dependent physical properties computed using DFT, such as structural optimization, 

enthalpies of formation and defect formation energies, are not influenced by the inclusion 

of SOC in PBE-GGA calculations.  

 Since the change in calculated total energies resulting from the inclusion of SOC 

can be divided into purely atomic contributions. Contrary to that, the electronic properties 

like electronic density of states (DOS) and band structure of materials containing heavy 

elements like Lead and Tin show strong dependence on SOC (Gangopadhyay and Pickett, 

2016). Therefore, in present work we calculated electronic properties for both pristine and 

intrinsic vacancy defect containing A3BO compounds with the inclusion of spin orbit 

coupling. 

3.11 Method of Calculations 

In present work we have calculated the electronic, magnetic and thermodynamic 

properties of A3SnO and A3PbO (A=Ca/ Sr/ Ba). For evaluating the thermodynamics of 

pristine and intrinsic vacancy containing A3SnO and A3PbO (A=Ca/ Sr/ Ba), the all 

electron full potential linear augmented plane-wave (FP-LAPW) based DFT calculations 

are performed using the WIEN2k code (Blaha et al., 2001). The exchange-correlation 
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potentials are modeled using the Perdew-Burke-Ernzerhof generalized gradient 

approximation (PBE-GGA) (Perdew et al., 1997). A muffin-tin (MT) model of crystal 

potential is employed by partitioning the crystal space into non-overlapping MT spheres 

and interstitial regions containing the core electrons and valence electrons, respectively. 

Within the MT spheres with radii RO= 1.75 a.u., RCa = 1.80 a.u., RSr = 1.80 a.u., RBa = 

2.00 a.u., RSn= 2.00 a.u. and RPb = 2.3 a.u., the core electrons are represented by atomic 

like wave functions containing spherical harmonics, whereas plane-waves basis set are 

used in the interstitial region for the valence electrons. Moreover, the core states are 

treated fully relativistically, while the valence states are treated scalar relativistically.  

Since the inverse perovskite A3SnO and A3PbO materials under investigation 

contains lead and tin atoms, respectively, spin orbit coupling (SOC) has been taken into 

account for all electronic structure calculations (Klintenberg et al., 2014). The energy cut-

off between valence and core states is set equal to -7.0 Ry to appropriately treat the deep 

lying tin and lead p orbitals. For determining the stability of ferromagnetic (FM) ordering 

with respect to non-magnetic calculations, all the calculations have been performed with 

and without spin-polarization and the calculated total energies are compared for 

determining the stable magnetic configuration. This permitted us to explore the possibility 

of achieving stable magnetism in intrinsic vacancy defect containing A3SnO and A3PbO 

(A=Ca/ Sr/ Ba) (Sato et al., 2010).  

For calculations involving bulk unit cell as well as the supercell structures 

containing intrinsic vacancy defects we have set the charge density expansion (Gmax), 

plane-wave cut-off (R0Kmax), and the angular momentum (lmax) to 18 bohr-1, 8 and 10, 

respectively. For the pristine A3SnO and A3PbO (A=Ca/ Sr/ Ba) compounds the 

calculations were performed using a 12x12x12 k-mesh and an energy convergence 

criterion of 10-5 Ry has been adopted for terminating the self-consistent calculations. 

 For the case of supercell structures the k-meshes have been scaled relative to the 

size of k-mesh used for the bulk unit cell. In order to simulate the charge neutral intrinsic 

vacancy defects in A3SnO and A3PbO (A=Ca/ Sr/ Ba) compounds, 40-atom 2 x 2 x 2 

supercell structures of  A3SnO and A3PbO (A=Ca/ Sr/ Ba) have been constructed from the 

PBE-GGA-optimized bulk unit cell with composition A24Sn8O8  or A24Sn8O8 (A= Ca/ 

Ba/Sr). The isolated charge neutral vacancy defects in A24Sn8O8  or A24Pb8O8 (A= Ca/ 

Ba/Sr) are modeled by removing one A, O, or Sn/Pb atom from the 2 x 2 x 2 supercell 
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structure which is found to be sufficiently large for providing reliable formation energy 

results for the inverse perovskite compounds under investigation (Alay-e-Abbas and 

Shaukat,2014; Muñoz-García et al., 2012 ; Aschauer et al., 2013). The resulting non-

stoichiometric supercell structures of A24B8O8 (A23B8O8, A24B8O7 and A24B7O8,  A = Ca, Sr 

and Ba and B = Sn and Pb) give us 4.167% concentration of O vacancy and 12.5 % 

concentration Sn/Pb/O vacancies. The non-stoichiometric supercell structures were 

allowed to adopt space groups confirming to the crystal symmetry and the atomic forces 

originating from the breaking of bonds were minimized to a value below 1 mRy/a.u. 
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Chapter 4  

 

Results and Discussions 

 

 

 

 

The world is constantly and quickly renovating as new technologies reach in the market. 

The quick pace of change is conceivably affected most worryingly in the electronics 

industry which acquires largest and up-to-date inventions each year. Industry is not trying 

to develop for its own sake.  Essentially it wants to respond the requirements of 

consumers to the products that dreamily suit to the customer’s lives. Additionally, the 

growing need of device miniaturization for information storage devices leads to the use of 

spin and charge of electrons of magnetic materials. The usage of both spin and charge is 

basic requirement for future nano-scale spintronic and quantum computing. The 

advancement in industry is linked directly with the improvements made in materials 

researches. Consequently, the invention of new composite materials as well the 

exploration of the properties of existing one can be considered as focus of condensed 

mater researchers.  

Recently a novel class of material named topological insulators has appeared 

which act as an insulator in the bulk and support spin polarized electronic conduction on 

surface. This emerging class of Topological insulators (TIs) is well suited for spintronic, 

thermoelectric, superconducting, ferromagnetic etc. applications. Lead and Tin based 

inverse perovskite oxides (A3BO, A=Ca/Ba/Sr; B=Pb/Sn), which were firstly synthesized 

by Widera and Schaefer in 1980s showed topological insulation in their pristine form. 

Earlier, the first-principles calculations have shown that the overlap of the ‘p’ states of B 

atoms and the‘d’ states of ‘A’ atom allow Dirac point to appear in the band structure of 

A3BO  compounds. In above context, tin and lead containing alkaline-earth metal inverse 

perovskite are potential Dirac fermion systems in which the time-reversal invariance 
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eliminates the spin degeneracy from the surface states allowing these Topological 

Insulators (TIs) to attain 2D surface states that exhibit momentum locked helical spin-

polarization. On the other hand, the strong spin-orbit coupling (SOC) interaction of the 

tin/lead atom in the A opens a band gap at the Dirac point, which provides opportunities 

for tuning its electronic, magnetic, and transport properties by defect engineering. 

 Further for the spintronic and quantum computing applications the ferromagnetic 

materials with high Curie temperature or possessing room temperature ferromagnetic are 

also a prerequisite. Therefore many research efforts has already done to find the room 

temperature ferromagnetism in different materials oxides like HfO2, TiO, In2O3, 

SnO2,TiO2, MgO, ZnO,(Hong et al., 2007; Hong et al., 2008; Peng et al., 2009; Mishra et 

al., 2013; Zhen et al., 2011). Further materials with perovskite or anti-perovskite structure 

i.e CaTiO3, CaZrO3, SrTiO3/LaAlO3, Sr3SnO, Ca3SnO also showed ferromagnetism (FM) 

potential (Zheng et al., 2015; Hu et al., 2016; Lee et al.,2014). The probable origin of 

RTFM in all above mentioned materials is not fully understood. Several different 

mechanisms can mainly contribute to the development of the magnetic order, including 

effects arising from paramagnetic transition metal ions, vacancy defects, impurities, 

structural dislocations, grain boundaries and changes in carrier concentration (Mishra et 

al., 2013). Therefore, one can say that the magnetic properties of materials especially 

oxides can be tuned. Therefore, the intrinsic vacancy defects in Lead and Tin based 

inverse perovskite oxides (A3BO, A=Ca/Ba/Sr; B=Pb/Sn) narrow band gap of could 

provide an opportunity to tailor their properties for the spintronic and quantum computing 

applications.  

As delineated above and in review of literature of current thesis, the explosive 

theoretical and experimental researches associated to A3BO (A=Ca/Ba/Sr; B=Pb/Sn) have 

been done over the last few years. However even not a single effort is found regarding to 

inspect the effect of intrinsic vacancy defects on the magnetic, electric and 

thermodynamic properties of above-mentioned compounds. So first time in scientific 

community, the focus of present work was on the fundamental understanding of   

magnetic, electric, thermodynamic properties of pristine and defective A3BO 

(A=Ca/Ba/Sr; B=Pb/Sn). DFT based calculations has done to completely describe the 

properties of A3BO (A=Ca/Ba/Sr; B=Pb/Sn). This surely will be helpful in the realization 

of quantum computers and spintronic devices. In this chapter we presented the detailed 

results for the A3BO (A=Ca, Sr, Ba; B= Sn,Pb) inverse perovskite oxides compounds. 
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4.1. Calcium Tin Oxide (Ca3SnO) 

Among the A3SnO (A= Ca, Ba, Sr) compounds crystallizing in the cubic inverse 

perovskite oxide structure, Ca3SnO (CSO) has attracted the attention from numerous 

research groups owing to its promise for combining large thermoelectric power and low 

resistivity (Okamoto et al., 2016; Klintenberg et al., 2014; Hsieh et al., 2014) in a single 

material. This has motivated Okamato et al., (2016) to investigate the thermoelectric 

properties of Ca3SnO in a recent experimental study where CSO was found to exhibit p-

type nature with a relatively high carrier density and a large thermoelectric power factor 

as compared to lead based inverse perovskite Ca3PbO and Ca3Pb1-x BixO (Okamoto et al., 

2016). Since the CSO is in pristine form is expected to show insulating behaviour, the 

low resistivity observed in CSO samples prepared by Okamato et al.,(2016) were 

assigned to the non-stoichiometry originating  from the presence of  point defects in 

crystal. These properties of CSO can be utilized for superconducting and spintronic 

applications (Oudah et al., 2016; Fu and Kane, 2016). 

Although the unusual properties of CSO have generated a lot of interest in the 

condensed-matter community, little attention has been paid to exploring the chemical 

stability of pristine and non-stoichiometric forms of these materials. From a theoretical 

point of view, various research groups have employed semi-local and screened hybrid 

density functional theory (DFT) calculations for exploring the electronic structure of CSO 

(Klintenberg et al., 2014; Hsieh et al., 2014,  Kariyado and  Ogata, 2012). However, it is 

important to point out here that the complexity of the electronic structure of CSO around 

the Fermi level (EF) has resulted in conflicting determination of its TI nature (Hsieh et al., 

2014). Nevertheless, a first-principles analysis of the role of intrinsic vacancy defects in 

the thermodynamic, electronic and magnetic properties of CSO could allow future 

experimental studies to correlate the unusual properties of CSO with stoichiometry. 

4.1.1. Structural Properties and the Stability Diagram of Pristine 

Ca3SnO 

To evaluate the thermodynamic stability of a ternary compound with DFT calculations it 

is necessary to compute the ground states structural properties and the corresponding total 

energies of the materials and its competing binary phases. Since the simplest chemical 

reaction for obtaining CSO from two binary compounds is CaO + Ca2Sn → Ca3SnO, we 

https://arxiv.org/find/cond-mat/1/au:+Kariyado_T/0/1/0/all/0/1
https://arxiv.org/find/cond-mat/1/au:+Ogata_M/0/1/0/all/0/1
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have computed the ground state structural properties and enthalpies of formation of these 

three compounds using GGA parameterization scheme. In addition, the structural and 

thermodynamics properties of binary CaSn are also computed as it plays an important 

role in restricting the chemical potential limits of Ca, Sn and O for stable synthesis of 

CSO (as discussed below). Table 4.1 lists the calculated structural parameters of CSO, 

CaO, CaSn and Ca2Sn along with data reported in earlier theoretical and experimental 

studies. Comparison of our calculated structural properties with experimental data clearly 

shows the usual overestimation of lattice parameters by GGA. In all cases the deviation of 

calculated lattice parameters in this study from the experimental values is found to be less 

than 0.9 %. Table 4.1 also shows the calculated enthalpies of formation (ΔHf) of CaO, 

CaSn, Ca2Sn and CSO which have been obtained by solving the following equations.  

∆𝐻𝑓
𝐶𝑎𝑂 = 𝐸𝑡

𝐶𝑎𝑂 − 𝐸𝑡
𝐶𝑎 −

1

2
𝐸𝑡

𝑂2                                                                (4.1)    

∆𝐻𝑓
𝐶𝑎𝑆𝑛 = 𝐸𝑡

𝐶𝑎𝑆𝑛 − 𝐸𝑡
𝐶𝑎 − 𝐸𝑡

𝑆𝑛                                                                (4.2) 

∆𝐻𝑓
𝐶𝑎2𝑆𝑛 = 𝐸𝑡

𝐶𝑎2𝑆𝑛 − 2𝐸𝑡
𝐶𝑎 − 𝐸𝑡

𝑆𝑛                                                            (4.3) 

∆𝐻𝑓
𝐶𝑎3𝑆𝑛𝑂 = 𝐸𝑡

𝐶𝑎3𝑆𝑛𝑂 − 3𝐸𝑡
𝐶𝑎 − 𝐸𝑡

𝑆𝑛 −
1

2
𝐸𝑡

𝑂2                                           (4.4) 

In Equations (4.1), (4.2), (4.3) and (4.4) 𝐸𝑡
𝐶𝑎3𝑆𝑛𝑂 , 𝐸𝑡

𝐶𝑎𝑆𝑛,𝐸𝑡
𝐶𝑎2𝑆𝑛,𝐸𝑡

𝐶𝑎𝑂,𝐸𝑡
𝑆𝑛and𝐸𝑡

𝐶𝑎 are the 

minimum total energies of GGA optimized bulk unit cells of CSO, CaSn, Ca2Sn, CaO, Sn 

and Ca, respectively. On the other hand, 𝐸𝑡
𝑂2is the energy of an O2 dimer which is obtained 

using the procedure outlined in Ref. (Rogal, 2006). It is evident that the calculated enthalpy 

of formation of CaO presented in Table 4.1 is in good agreement with experimental value 

NIST database (1998). Comparison of the calculated ΔHf values for CaSn and Ca2Sn shown 

in Table 4.1 suggests that DFT results are hugely underestimated as compared to experiment 

(Kubaschewski and Alexander, 1939). However, Arroyave and Liu (2006 ) have already 

identified this disagreement between DFT and experimental enthalpies of formation and 

have assigned the discrepancy in experimental data to partial oxidation of prepared samples 

(Ohno et al.,2006) which is also known to produce erroneous enthalpies of formation for 

CaO( Min and Sao, 1998). Since the calculated enthalpy of formation of CSO (-8.405 

eV/f.u.) is less than the sum of enthalpies of formation of CaO (-5.921 eV/f.u.) and Ca2Sn (-

2.174 eV/f.u.), the chemical reaction CaO + Ca2Sn →Ca3SnO is exothermic and confirms 

stable synthesis of this compound. Overall, the data presented in Table 4.1 validates. Since 
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the knowledge of atomic chemical potential (𝜇𝑋, where X= Ca, Sn, and O) is vital for 

determining the thermodynamic stability of solids, (Zhang and Northup, 1991). We have 

used the calculated enthalpies of formation shown in Table 4.1 for computing the stability 

diagram of CSO. 

 

 

Table 4.1. Comparison of  the calculated structural parameters and enthalpies of 

formation with earlier first-principles calculations (Other Theo.) and experimental 

(Expt.) data available in literature. 

 

System 

 

Space Group 

Lattice Parameter (Aᵒ) Enthalpy of formation 

(eV/f.u) 

This work Expt. This 

work 

Expt. 

CaO 225, Fm3m 4.840 
4.811 (Shao et al., 

2011) 
-5.921 

-6.582 (Tables, J. 

T. 1985). 

CaSn 63, Cmcm 

4.831 
4.810 (Palenzona 

etal .,2000) 

-1.513 

-1.648 

(Kubaschewski and 

Walter, 1939) 
11.615 11.540 

4.386 4.35 

Ca2Sn 62, Pnma 

8.018 
7.990 (Palenzona et 

al.,2000) 

-2.174 

-3.264 

(Kubasschewski 

and Walter, 1939) 
5.071 5.040 

9.577 9.560 

Ca3SnO 221, Pm3m 4.853 4.834 (Widera and 

Schafer ,1980) 

-8.405 _____ 

 

For this reason, we exploit the fact that the atomic chemical potential of an atomic 

species in its stable solid/gas phase is related to the chemical potential of an isolated atom 

by the relation (Erthart and Albe, 2007) 

                      𝜇𝑥 = 𝜇𝑥
𝑔𝑎𝑠 𝑠𝑜𝑙𝑖𝑑⁄

+ ∆𝜇𝑥                                                                              (4.5) 
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 For stable synthesis of CSO, the supposition of Eq. 4.5 allows us to relate the 

enthalpies of formation of CaO, Ca2Sn and CSO with the ranges of atomic chemical 

potentials as 

∆𝜇𝐶𝑎 + ∆𝜇𝑂 ≤ ∆𝐻𝑓
𝐶𝑎𝑂                                                                                       (4.6) 

2∆𝜇𝐶𝑎 + ∆𝜇𝑆𝑛 ≤ ∆𝐻𝑓
𝐶𝑎2𝑆𝑛                                                                          (4.7) 

∆𝜇𝐶𝑎 + ∆𝜇𝑆𝑛 ≤ ∆𝐻𝑓
𝐶𝑎𝑆𝑛                                                                              (4.8) 

3∆𝜇𝐶𝑎 + ∆𝜇𝑆𝑛 + ∆𝜇𝑂 = ∆𝐻𝑓
𝐶𝑎3𝑆𝑛𝑂                                                                    (4.9) 

Fig. 4.1 shows the calculated ranges of atomic chemical potentials (∆𝜇𝑥) of Ca, 

Sn, and O atoms, which provide information regarding the stability regions of CSO, CaO, 

CaSn, and Ca2Sn. If CaSn is not considered a competing phase, the region enclosed inside 

A-B-F-E allows us to obtain the extreme Ca rich (∆𝜇𝐶𝑎 =0 eV) and extreme Sn-rich 

(∆𝜇𝑆𝑛 =0eV) conditions. However, it is clearly visible from Fig. 4.1 that only the region 

enclosed by quadrilateral A-B-C-D satisfies stable growth environments for obtaining 

CSO, while the regions enclosed by C-D-E-F give values of atomic chemical potentials 

that lead to the creation of CaSn. On the other hand, the regions above the line A-E and 

below the line B-F give us the atomic chemical potentials, which satisfy stable synthesis 

of CaO and Ca2Sn, respectively.  

This shows that the extreme Ca rich (∆𝜇𝐶𝑎 = 0eV) condition is permissible for the 

stable growth of CSO, while the synthesis of CSO can only be realized for an 

intermediate Sn-rich condition where 𝜇𝑆𝑛 ≤–0.971 eV. Consequently, the points A/B and 

D represent, respectively, the extreme Ca-rich and Sn-rich conditions. The point B also 

represents the extreme reduction (O-poor) condition where (𝜇𝑂 ≤ −6.231 eV. Moreover, 

the Sn-poor and Ca poor conditions for stable synthesis of CSO are satisfied at point A 

and point D, respectively. 
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Figure 4.1. The thermodynamic stability diagram showing the valid chemical 

potentials ranges, which satisfy stable synthesis of Ca3SnO, CaO, CaSn, andCa2Sn. 

The quadrilateral ABCD encloses the region within which Ca3SnO can be produced 

without the secondary phases. 

 

It is clear from Fig.4.1 that the extreme oxidation (O-rich) condition (i.e., ∆𝜇𝑂 = 

0.000 eV) and extreme Sn-rich condition (i.e., ∆𝜇𝑆𝑛 = 0.000 eV) would never result in 

the production of CSO. Hence, the stable synthesis of inverse perovskite CSO can only be 

realized under metal-rich/reduction environment. 

4.1.2. Electronic properties of pristine Ca3SnO 

Owing to the presence of Sn in CSO, its electronic properties are strongly influenced by 

SOC interaction. For this reason, we first examine the effects of inclusion of SOC on the 

electronic structure of CSO. The electronic band structure of pristine CSO calculated 

using bare PBE-GGA and PBE-GGA SOC along the k-path R-Г-X-M- Г are shown in 

Fig. 4.2 (a) and 4.2(b), respectively. In the case of bare PBEGGA [Fig. 4.2 (a)], no energy 

band gap is observed between the occupied valance the unoccupied conduction band 

states. However, when SOC is included in the band structure calculations, the conduction 

and valence states between the Г and X symmetry points reveal the typical avoided 
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crossing feature (Klintenberg et al., 2014). Fig 4.2 (b) shows that when SOC is taken into 

account, the conduction and valence bands at the are separated from each other by 0.207 

eV, (Hsieh et al., 2014).while a fundamental band gap of 3.5 meV is present between the 

conduction and valence band along the  Г-point and X-point k-path. A comparison of the 

calculated electronic band structure of CSO shown in Fig.4(b)with the one computed 

using semi local (Klintenberg et al., 2014) and hybrid functional (Hsieh et al., 2014) 

shows that our PBE-GGA results predict an avoided crossing feature which is typical of a 

TI material.  

Although this feature does not prevail in the band structure shown by Hsieh et al. 

(2014) the authors still find the electronic properties of Ca3SnO to be potentially suited 

for showing topological property. The differences in the electronic band structures of 

CSO computed without and with the inclusion of SOC can be understood from the 

density of states (DOS). We use the modified tetrahedron method (Bloch et al., 1994)for 

computing the total and partial DOS plots. 

Figure 4.2 The calculated electronic band structure diagrams of bulk unit cell of 

Ca3SnO computed (a) without and (b) with the inclusion of SOC interaction. 
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The Fig.4.3 shows the calculated total DOSs.  It is evident that the inclusion of 

SOC slightly shifts the valence band states to higher energies. From the partial DOS plots 

for PBE-GGA+SOC calculations shown in Fig.4.3 it can be seen that the Sn-5p states are 

predominant in the upper valance band of CSO along with a minor contribution coming 

from the Ca-3d states. The O-2p states in the valence band only start contributing more 

than the Ca-3d states at about –1.4 eV. The edges of both valence and conduction band 

states are made up of a mixed Ca-3d and Sn-5p contribution. These contributions suggest 

that the O-2p orbitals are completely filled, while the Sn-5p orbitals are partially filled. It 

is noted that the band structure of CSO computed using PBE GGA+SOC is qualitatively 

similar to the one obtained by Kariyado and Ogata (2012) and Ando (2013). The earlier 

results clearly suggest that a good picture of the electronic properties of the pristine as 

well as the vacancy defect containing CSO can be obtained from the calculations 

performed with the inclusion of SOC. 

 

Figure 4.3 The calculated density of states (DOS) for CSO. The left panel (a) is the 

total DOS for CSO with and without spin orbit coupling, while the contribution of 

Ca-3d, Sn-5p, and O-2p states to the conduction and valance states around the 

Fermi level are shown in the right panel (b). 
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4.1.3 Intrinsic vacancy defects in Ca3SnO 

4.1.3.1 Structural and magnetic properties 

Ca3SnO has a cubic structure in which the oxygen atom and the metal atoms 

occupy atomic sites opposite to those in the CaSnO3 perovskite structure. In the PBE-

GGA optimized CSO cubic unit cell, the bond lengths of Ca-O and Ca-Sn bonds are 

2.427 A˚ and 3.432 Aᵒ, respectively. With the inclusion of an isolated intrinsic vacancy 

defects in 2x2x2 supercell of CSO, the minimization of internal forces results in changes 

of atomic positions nearby the vacant site. Since a strong hybridization of Ca-3d states 

with Sn-5p states is evident from Fig. 4.3, we have performed geometrical relaxation of 

vacancy containing supercells of CSO with and without spin-polarization. The nearest 

neighbour (NN) distances (d) of pristine CSO along with movement towards/away from 

the vacant site (δd) for non-magnetic (NM) and spin-polarized ferromagnetic (FM) 

calculations are listed in Table 4.3  

The comparison of movements of atoms towards and away from the vacant lattice 

site shows that the NM and FM calculations have remarkable differences only in the case 

of Sn vacancy containing supercell of CSO. On the other hand, the relaxation of atomic 

positions for the Ca and O vacancy containing supercells of CSO does not show any 

difference. The calculated NM and FM total energies of Sn vacancy containing the 

supercell of CSO also shows large difference as compared to the other two cases 

(discussed below).  

Table 4.2 displays the movements of the 1st and 2nd nearest neighbors (NN) atoms 

towards (negative values) and away (positive values) from the vacancy site in non-

stoichiometric CSO for both FM and NM cases. For the case of Ca vacancy, the 1st and 

2nd NN O and Sn atoms, respectively, move outwards showing that both these atoms had 

attractive Coulomb interaction with the calcium atom. As expected, the Ca atoms 2nd NN 

to the vacant Ca site move inward. In a similar fashion, the 1st NN Ca and 2nd NN Sn 

atoms of the O site move outward and inwards, respectively. Contrary to the similar 

results of the geometry optimization achieved for the Ca and O vacancies, the structural 

relaxation for NM and FM cases of Sn vacancy results in different relaxed atomic 

configurations. Although the elimination of attractive and repulsive Coulomb interactions 

among the atoms show similar trends, Table 4.2 clearly shows that the outward/inward 
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movement of the Ca/O atoms near a vacant Sn site is larger when spin-polarization is not 

considered. Since the only difference between the two modes of calculations is the use of 

spin-polarization, the smaller δd values for the spin-polarized case can be assigned to the 

correct treatment of the exchange interaction, which attempts to increase the distance 

between the electronic wavefunctions of the occupied atomic sites by restricting the 

movements of 1st and 2nd NN atoms as compared to the NM case (Griffiths, 2004).This 

result clearly shows that a strong exchange interaction is present in Sn deficient CSO, 

which might originate from the breaking of the strongly hybridization Ca-Sn bonds.  

Table 4.2. The calculated NN distances (d) for the pristine CSO along with the 

outward (+ive) and inward (–ive) movements (dd) of the atoms surrounding a 

vacancy site in the NM and FM cases. The nearest neighbour rank and the 

coordination numbers are also shown 

 

In fact, our calculated values of the small positive and negative magnetic moments 

(MM), respectively, at the occupied Ca and Sn sites (Table 4.3) around a Sn vacancy 

suggest that a ferromagnetic interaction exists between the Ca-3d and Sn-5p orbitals. 

These results are consistent with the earlier investigation where the intrinsic vacancy 

defects have been observed as the origin of the stable FM in metal oxides.(Lee  et al., 

2013; Xing  etal., 2011; Ning  et al., 2015)To further investigate the magnetic properties 

of the intrinsic vacancy containing super cells of CSO, we have calculated the difference 

Calculation 

mode 

NN atoms 

Ca site Sn site O site 

1st 

(Ox2)  

2nd 

(Snx4) 

2nd 

(Cax8) 

1st 

(Cax12) 

2nd 

(Ox8) 

1st 

(Cax6) 

2nd 

(Snx8) 

d in Pristine 

CSO 
2.427 3.432 3.432 3.432 4.203 2.427 4.203 

δd(NM) +0.153 +0.085 -0.151 +0.056 -0.016 +0.070 -0.004 

δd(FM) +0.153 +0.085 -0.151 +0.049 -0.010 +0.070 -0.004 
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of the minimum total energies of NM and FM phases (ΔE=Enm-Efm) along with the total, 

interstitial, and local MM of Ca, Sn, and O atoms (Table 4.3). 

The calculated value of the total magnetic moments and ΔE (in eV) reveal that 

both Ca and O vacancy containing supercells are NM, while Sn vacancy containing 

supercell of CSO is FM. It is worth pointing out here that the ΔE for Ca and O vacancy 

has been rounded to zero. Since our calculated values of energy for NM and FM case 

only adopt a numerical value in the 5th decimal place (0.01 meV), the ΔE values are 

assumed to be insignificant. Moreover, the magnetic moments at 1st (Ca) and 2nd (O) NN 

atoms of the vacant Sn site show that the total magnetic moments have a main 

contribution coming from the interstitial MMI. This result can be attributed to the 

negative oxidation state of Sn in CSO that promotes the valence electrons of Ca to 3d 

orbitals and upon the creation of Sn vacancy the Ca dangling bond with partially filled 

Ca-3d states becomes spin-polarized. 

Table 4.3 The total magnetic moment (MMtot) along with contributions coming from 

the interstitial and atomic magnetic moments for Ca, Sn, and O vacancy containing 

2x2x2 supercells of CSO. The energy difference, ΔE(eV), between NM and FM 

phases are also given. 

Quantity Ca23Sn8O8 Ca24Sn7O8 Ca24Sn8O7 

MMtot 0.000 1.637 0.000 

MMI 0.000 1.374 0.000 

MMCa 0.000 0.019 0.000 

MMO 0.000 0.001 0.000 

MM Sn 0.000 -0.001 0.000 

ΔE 0.000 0.052 0.000 
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4.1.3.2 Formation energetics 

The defect formation energy computed using DFT calculations give a reliable 

account of the possibility of realizing the intrinsic and extrinsic point defects in any 

material [Zeng et al., (2013)]. In the present wok, we have used the following equation 

for computing the formation energies of Ca, Sn, and O vacancies in CSO (VandeWalle 

and Neugebauer, 2004;  Lany and Zunger, 2008) 

𝛺[𝑋] = 𝐸𝑡[𝑋] − 𝐸𝑡
𝐶𝑎3𝑆𝑛𝑂

+ 𝜇𝑥                                                             (4.10) 

In above Eq.  Et [X]and Et
Ca3SnO are the minimum total energies of a supercell 

containing Ca, Sn or O vacancy and the pristine supercell of CSO, respectively. 𝜇𝑥 is the 

atomic chemical potential that varies according to points A, B, X, C, and D shown in 

Fig.4.1. At points A and B the formation energy of 𝑉𝑂
0 is smaller than both  𝑉𝑆𝑛

0 𝑎𝑛𝑑  𝑉𝐶𝑎
0 . 

The formation energy of 𝑉𝑆𝑛
0  is also found smaller than 𝑉𝐶𝑎

0 . This shows that oxygen 

vacancies are the most abundant form of charge neutral intrinsic vacancy defects in CSO 

under Ca-rich condition. At points X, C and D 𝑉𝐶𝑎
0  found to have formation energies less 

than 𝑉𝑆𝑛
0 . While formation energy of 𝑉𝐶𝑎

0  is found equal to the 𝑉𝑂
0 at point D. This 

suggests that charge neutral Ca vacancies can be easily incorporated in CSO under the 

permissible oxidation condition for stable synthesis of CSO. 

 Finally, we test the effect of the size of the super cell on the calculated formation 

energies and the stable atomic structure by structurally relaxing a Sn vacancy containing 

60-atoms 2x2x3 super cell. The difference in the calculated formation energies of the 

2x2x2and2x2x3 supercells (<0.03 eV) clearly shows that the conclusions drawn using a 

40-atom super cell are reliable. 
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Figure 4.4. The calculated formation energies of charge neutral intrinsic vacancies 

in Ca3SnO at the stability points defined in Fig. 4.1. 

4.1.3.3 Electronic properties 

 To understand the differences in the electronic properties of the pristine and the charge 

neutral vacancy containing CSO, we first analyze the distribution of the electronic charge 

with and without the presence of vacancy defects. For a quantitative analysis we have 

also computed the effective Bader charges (e) (Bader, 1985). In the case of the pristine 

CSO, the effective Bader charge of Ca, Sn, and O are found to be 1.302, –2.380, and –

1.524, respectively. The negative value of Bader charge for Sn confirms its unusual 

negative oxidation state in CSO. Since the calculated Bader charge of O (2) is closer to its 

ionic limit as compared to Sn (4), it is inferred that the Ca-Sn bond has a strong covalent 

character as compared to the Ca-O bond. This covalent nature of bonding between Ca and 

Sn atoms is also confirmed by the charge density plots shown in Fig. 6 where the value of 

Δn(r) between the Ca and Sn atoms is larger than the value between Ca and O atoms. 

When a calcium vacancy is introduced in CSO, the effective Bader charges of its 1st NN 

O atom and 2nd NN Sn atom reduces to -1.496e and -2.231e, respectively. As evident 

from Fig. 4.5 (a) the electronic charge of anions (O) surrounding the vacant Ca site 

becomes localized. This indicates that the breaking of Ca-O and Ca-Sn bonds would 

cause an anion-orbital like defect level to appear in the band structure of calcium deficient 
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super cell of CSO. It can also be seen Fig.4.5 (a) that the electronic charge redistribution 

after the incorporation of Ca vacancy gives similar charge density distributions for the 

majority and minority spin channels. In case of Sn vacancy, the effective Bader charge for 

1st NN Ca atom reduces to 1.289e, while the Bader charge of 2nd NN O atom increases to 

a value –1.529e. 

This shows that the Ca-3d electron for the case of Sn vacancy remains localized at 

the Ca site. A close inspection of the spin-polarized charge density plots of Sn deficient 

CSO shown in Fig. 4.5 (b) reveals that the charge density of Ca atoms surrounding the 

vacant Sn site in the majority spin case is larger than the majority spin case. Since the 

unusual 4 charge states of Sn in pristine CSO causes the valence electrons of Ca to be 

promoted to Ca-3d states, the breaking of the Ca-Sn bond gives rise to unequal majority 

and minority spin charge carriers. Consequently, the Ca-3d dangling bond becomes spin-

polarized, giving rise to a stable FM ordering in Sn deficient CSO. This is understandable 

given that the Sn atom is non-magnetic in nature and only its deficiency gives rise to 

magnetism in CSO. Contrary to the case of Sn vacancy, the removal of O atoms causes a 

significant reduction in the effective Bader charge of the 1st NN Ca atom (1.212). This 

large delocalization of charges from the Ca atom Fig. 4.5 (c) does not result in any 

difference in the majority and minority spin channels. Therefore, both O and Ca vacancy 

containing supercells of CSO are found to be NM. Since the PBE-GGA calculations show 

that the normal ordering of Ca-3d states and Sn-5p states for a trivial insulator are 

violated in CSO, this material is a potential TI. (Hsieh et al., 2014). 
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Figure 4.5 The spin-polarized valence charge density for (a) Ca (b) Sn and (c) O 

deficient CSO supercells. The left and right panels display results for the majority 

and minority spin channels, respectively. 

Fig. 4.5 clearly shows that the valence band of the pristine CSO is mainly 

composed of Sn-5p states. When a Ca vacancy is introduced into the CSO supercell, the 

electronic states lying below the EF are shifted upwards giving rise to unoccupied anion 

orbitals like levels in the PDOS plots shown in Fig. 4.5(a).There are various other forms 

of crystal defects (e.g., interstitial, anti-site, and substitution  defects which can give birth 
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to a hole-doped state in an insulator; however, the location of EF in Fig. 4.5 (a) shows that 

the Ca deficient CSO may show a p-type behavior. This finding is further supported by 

the recent experiential study by Okamoto et al. (2016)who concluded that the hole-doped 

nature of polycrystalline samples of CSO can only be assigned to non-stoichiometric 

originating from the presence of defects (Okamoto et al., 2016).The removal of a Ca atom 

results in the breaking of the Ca-O and Ca-Sn bonds, which causes the anion orbitals of 

the upper valance band to become unoccupied and move up on the energy scale (about 

0.5 eV) crossing the EF. Since the unbound O-2p and Sn-5p states have equal number of 

majority and minority spin electrons, the electronic structure of Ca deficient CSO gives 

similar results for both spin channels. On the other hand, the removal of an O atom from 

CSO results in the creation of a defect level that had Ca-3d character and is populated by 

an equal number of majority and minority spin electrons. This causes a defect level to 

appear in between the conduction and valence band of bulk CSO with a mixture of Ca-3d 

and Sn-5p orbitals. 

The delocalized nature of this defect level, therefore, ensures that the O vacancy 

gives equal majority and minority spin carriers. Figure 4.5 clearly shows that only the 

case of Sn vacancy leads non-stoichiometric CSO to spin-polarized states. It is worth 

pointing out here that it is the mixed Ca-3d and Sn-5p nature of the conduction and 

valence band, which causes the unpaired electrons to remain localized at the Ca-site upon 

creation of Sn vacancy. The significance of the majority spin electronic states of Sn 

deficient CSO can be seen in the upper part of the valence band. The spin-polarization of 

these Ca-3d states in Sn vacancy containing CSO leads to a metallic nature majority spin 

channel, while an insulating character is observed for the majority spin channel. These 

results indicate the possibility of realizing room-temperature ferromagnetism in non-

stoichiometric CSO (Lee et al., 2014). The spin-polarization of these Ca-3d states in Sn 

vacancy containing CSO leads to the occupied conduction band states for the majority 

spin channel. Therefore, the resulting metallic and insulating behavior can be observed 

for the majority and minority spin channels, respectively, for Sn deficient CSO. The semi-

metallic behavior of Sn deficient CSO with room temperature FM makes this material a 

potential candidate for the quantum computing and spintronic applications. 



73 
 

 

 

Figure 4.6 The spin polarized partial DOS for (a) Ca (b) Sn and (c) O vacancy 

containing supercells of CSO. The results have been obtained with the inclusion of 

the spin orbit coupling, and the majority and minority channels are plotted together 

in an inverted manner. 
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4.2. Strontium Tin Oxide (Sr3SnO) 

Strontium tin oxide, Sr3SnO (SSO), is one such inverse perovskite material that 

crystallizes stably in the ideal cubic structure (space group # 221,Pm 3m) with a lattice 

parameter of 5.12 ˚A (Widera and schefer,1980).Although a report on the stable 

crystallization of SSO in inverse perovskite structure has been present in literature since 

the 80's by  Widera and  Schafer, (1980) the recent upsurge in research activities related 

to SSO are due to its promise for combining TI and DMS properties in a single material  

(Lee et al., 2013;Klintenberg et al., 2014; Cherred et al., 2011 ). Klintenberg et al., (2014) 

performed density functional theory (DFT) based comprehensive computational data-

mining of several materials to reveal the topological behavior of narrow band gap SSO. 

They concluded that the topological behavior of SSO originates from the spin-orbital 

coupling (SOC) of Sn and the metallic surface states which are comparable to Dirac cones 

in graphene. The experimental investigations carried out by Lee et al., (2013) unveiled 

stable DMS in non-stoichiometric SSO where the origin of room temperature FM 

originates was assigned to the presence of intrinsic vacancy defects. Owing to topological 

nature of the SSO, experimental investigations have revealed both semiconducting and 

metallic nature for this material (Lee et al., 2013; Oudah et al., 2016). Since the 

assumptive nature of experimental models for the origins of FM in DMS can lead to 

controversies in assigning the type of point defects responsible for magnetic behavior 

(Tuller and Bishop, 2011).  

It is instructive to explore the origins of FM by means of first principles 

calculations. For example, some recent studies conducted for SSO have considered cation 

(Lee et al., 2013) as well as oxygen vacancies (Lee et al., 2014) to be responsible for the 

experimentally observed room temperature FM. Keeping this in mind, in the present work 

we have explored the thermodynamic stability, formation energies of intrinsic vacancy 

defects and the electronic structures of pristine and defective SSO by means of density 

functional theory calculations. Our results may prove useful in explaining the origins of 

the electronic and magnetic behavior of SSO. 
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4.2.1 Structural Properties and the Stability Diagram of Pristine Sr3SnO 

Table 4.4 displays the calculated lattice parameters of SSO,SrSn, SrO and Sr2Sn which 

have been optimized using above-mentioned calculations parameters. A comparison with 

experimental data (also presented in Table 4.4) shows good agreement and justifies the 

reliability of calculations reported in this work. 

 

Table 4.4 Comparison of calculated structural parameters and enthalpies of 

formation with earlier first-principles calculations (Other Theo.) and experimental 

(Expt.) data available in literature. 

 

 

System 

 

Space 

Group 

Structural parameters (Aᵒ) Enthalpy of Formation (eV/f.u) 

This 

work 
Expt. This work Expt. 

SrO 
225, 

Fm3m 
5.199 

5.160 

(Verbraeken et 

al.,2009) 

-5.460 -6.136 (Chase, 1998) 

SrSn 
63, 

Cmcm 

 

5.064 

(Merlo and  Fornasini, 

1967) 
-1.566 -------- 

 12.04 

 4.494 

Sr2Sn 
62, 

Pnma 

8.444 
8.402 (Widera and 

Schäfer 1981) 

-2.089 
-2.115 (Zhao et al., 

2012) 5.405 5.378 

10.154 10.078 

Sr3SnO 
221, 

Pm3m 
5.181 

5.120(Widera and 

Schäfer 1981) 
-7.794 

--------- 
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The valid ranges of atomic chemical potentials can be had from Thermodynamic 

Stability Diagram (TDS) (Zhang and Northrup, 1991). For computing the TSD of SSO, 

we proceed by assuming that the atomic chemical potentials of the atomic species in their 

stable reference states are an upper bound to the valid ranges of atomic chemical 

potentials as given by equation 4.5. With this assumption the valid limits of atomic 

chemical potentials in case of SSO must satisfy  

           ∆𝜇𝑆𝑟 + ∆𝜇𝑂 ≤ ∆𝐻𝑓
𝑆𝑟𝑂                                                                                     (4.11) 

            ∆𝜇𝑆𝑟 + ∆𝜇𝑆𝑛 ≤ ∆𝐻𝑓
𝑆𝑟𝑆𝑛                                                                        (4.12) 

             2∆𝜇𝑆𝑟 + ∆𝜇𝑆𝑛 ≤ ∆𝐻𝑓
𝑆𝑟2𝑆𝑛                                                                              (4.13) 

        3∆𝜇𝑆𝑟 + ∆𝜇𝑆𝑛 + ∆𝜇𝑂 = ∆𝐻𝑓
𝑆𝑟3𝑆𝑛𝑂                                                                (4.14) 

For Eq. (4.11) to (4.14), the enthalpies of formation of SrO, SrSn Sr2Sn, and 

Sr3SnO have been computed using 

          ∆𝐻𝑓
𝑆𝑟𝑂 = 𝐸𝑡

𝑆𝑟𝑜 − 𝐸𝑡
𝑆𝑟 −

1

2
𝐸𝑡

𝑂2                                                                       (4.15) 

        ∆𝐻𝑓
𝑆𝑟𝑆𝑛 = 𝐸𝑡

𝑆𝑟𝑆𝑛 − 𝐸𝑡
𝑆𝑟 − 𝐸𝑡

𝑆𝑛                                                                       (4.16) 

        ∆𝐻𝑓
𝑆𝑟2𝑆𝑛 = 𝐸𝑡

𝑆𝑟2𝑆𝑛 − 2𝐸𝑡
𝑆𝑟 − 𝐸𝑡

𝑆𝑛                                                                (4.17) 

∆𝐻𝑓
𝑆𝑟3𝑆𝑛𝑂 = 𝐸𝑡

𝑆𝑟3𝑆𝑛𝑂 − 3𝐸𝑡
𝑆𝑟 − 𝐸𝑡

𝑆𝑛 −
1

2
𝐸𝑡

𝑂2                                              (4.18) 

Where 𝐸𝑡
𝑆𝑟3𝑆𝑛𝑂𝐸𝑡

𝑆𝑟𝑆𝑛,𝐸𝑡
𝑆𝑟2𝑆𝑛,𝐸𝑡

𝑆𝑟𝑜,𝐸𝑡
𝑆𝑛and𝐸𝑡

𝑆𝑟are the minimum total energies of PBE-

GGA optimized bulk unit cells of SSO, SrSn, Sr2Sn, SrO, Sn and Sr, respectively. 𝐸𝑡
𝑂2, On the 

other hand, 𝐸𝑡
𝑂2is the energy of an O2dimer which is obtained using the procedure 

outlined in Ref. (Rogal, 2006). The inclusion of SrSn significantly restrict the valid range of 

chemical potentials required for the synthesis of SSO. Fig. 4.7 shows the Thermodynamic 

stability diagram with the inclusion of SrSn. If SrSn is not considered the quadrilateral ABFE 

showed stable growth region of SSO, under extreme Sn-rich (∆𝜇𝑆𝑛 = 0𝑒𝑉) and extreme Sr-

rich (∆𝜇𝑆𝑛 = 0𝑒𝑉) conditions. while the inclusion of SrSn restrict the stability region for 

SSO to A-B-C-D. while remaining region (C-D-E-F) relevant to stable SrSn. The atomic 

chemical potentials above line AE and below the line BF give the region of chemical 

potentials where SrO and Sr2Sn can be synthesized. Therefore, it can be easily predicted 

by the TSD that SSO extreme Sr-rich (∆𝜇𝑆𝑟 = 0𝑒𝑉) and intermediate Sn-rich condition 
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(∆𝜇𝑆𝑛 = −0.796𝑒𝑉). The points A and B are representing Sr rich and Sn poor conditions 

and point B also representing extreme reduction condition with ∆𝜇𝑂 = −5.706𝑒𝑉. 

Therefore, we can easily conclude that SSO can be easily formed under reduction 

condition with metal rich condition.  

 

4.2.2   Electronic properties of Pristine Sr3SnO 

The total energy dependent physical properties computed using DFT, such as 

structural optimization, enthalpies of formation and defect formation energies, are not 

influenced by the inclusion of SOC in PBE-GGA calculations. This is because of the 

change in calculated total energies resulting from the inclusion of SOC can be divided 

into purely atomic contributions (Stevanović et al., 2012). Contrary to that, the electronic 

properties of materials containing heavy elements show strong dependence on SOC. 

 Figure 4.7 Thermodynamic stability diagram showing the valid ranges of chemical 

potentials which satisfy stable synthesis of Sr3SnO, SrO, SrSn and Sr2Sn. The 

quadrilateral ABCD encompasses the region where Sr3SnO can be produced 

without the secondary phases SrO, SrSn and Sr2Sn.  
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Moreover, the correct choice of the ab initio method used for computing electronic 

structure of TI materials is also crucial (Vidal et al., 2011) because the topological 

behavior of such materials originate from the interaction of SOC with the surface states 

(Qi and Zhang, 2010). Since PBE-GGA is not very accurate for a quantitative evaluation 

of the band structure of semiconductors (Vidal et al., 2011). 

 

 

 

 

We first investigate whether the calculations performed using this functional are 

qualitatively reliable. For the sake of evaluating the electronic structure of SSO obtained 

with PBE-GGA + SOC calculations, we compare our calculated band structure with the 

one computed using screened Coulomb hybrid density functional (Hsieh et al., 2014).The 

left panel of Fig. 4.8 displays the energy band structure of pristine SSO computed using 

bare PBE-GGA functional, while the effect of the inclusion of SOC on the PBE-GGA 

Figure 4.8 The energy band structure diagrams of pristine Sr3SnO calculated using    

PBE-GGA  (a:left panel), and PBE-GGA + SOC (b:right panel). 

 



79 
 

electronic band structure is shown in the right panel of Fig. 4.8 When SOC is not taken 

into account for PBE-GGA calculations, the electronic band structure of SSO shows an 

energy gap between the VBM and CBM at Г-point which is also confirmed by the DOS 

plots shown in Fig. 4.9. However, the most striking feature of the band structure obtained 

with bare PBE-GGA is the energy bands crossing the EF between Г–X and Г–X 

directions. This crossing is a well-known shortcoming of bare GGA/LDA band structures 

for TI materials which can be corrected by the inclusion of SOC (Klintenberg et al., 2014; 

Hsieh, et al., 2014).The inset in the right panel of Fig. 5 displays the typical avoided-

crossing feature (Kariyado and Ogata) in the band structure of SSO which appears when 

SOC is included in the PBE-GGA electronic structure calculations. In a recent work, it 

was reported that the band structure obtained using WIEN2k (Oudah et al., 2016) appears 

to be substantially different as compared to the one computed using Heyd–Scuseria–

Ernzerhof (HSE) functional (Hsieh et al., 2014). However, it is clear from Fig. 4.8 that 

our calculated electronic band structure qualitatively resembles the screened Coulomb 

hybrid density functional band structure reported by Du et al., (2016). In addition, we also 

note that the electronic band structure of SSO obtained using WIEN2k PBE-GGA + SOC 

calculation along M–Г–R k-path agrees well with the band structure obtained from full-

potential linear muffin-tin orbital method as reported by Klintenberg et al., (2014). It is 

clear from Fig. 4.8 that the electronic band structure of SSO computed using PBE-GGA + 

SOC has an energy band gap of 0.316 eV at the Г point. On the other hand, the valence 

bands crossing the EF around Г point and the avoided-crossing supports the idea that SSO 

lies at the border line between topological insulator and a trivial insulator. (Vidal et al., 

2011) Since electronic band structure of inverse perovskite are very sensitive to lattice 

parameters. 

 We suspect that the choice of lattice parameter and/or the energy cut-off for the 

FP-LAPW may be responsible for the electronic band structure of SSO presented in ref. 

12. For a further confirmation of bulk TI phase of SSO, we have computed the inversion 

energy,∆𝑖= 휀4𝑑 − 휀5𝑝, (Vidal et al., 2011). Which is found to be -0.435 eV. Moreover, an 

analysis of the irreducible representation of eigenvalue for the electronic bands at the Г 

point reveals even (+) and odd (-) parities of the orbitals at the edges of VBM and CBM, 

respectively. These results confirm the inverted parities of SSO, suggesting the possibility 

of achieving TI behavior in this material (Hsieh et al., 2014). The total density of states 

(DOS) plots corresponding to band structures shown in Fig. 4.8 are displayed in Fig. 4.9 
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(a). Comparison of the total DOSs indicated that the inclusion of SOC causes the Sn-5p 

orbitals in the upper valence band to slightly shift away from the EF. The partial DOS 

plots shown in Fig. 4.9, reveal that the VBM of SSO is predominantly made up of the Sn-

5p states, while Sr-4d states contribute below the VBM. The contributions of Sr-4d states 

in the valence band reduced around -1 eV where O-2p states become dominant. The 

lowest edge of CBM, on the other hand, appears to be dominated by a hybridization of 

Sn-5p orbitals and Sr-4d orbitals. This trend changes to a dominant Sr-4d character in the 

conduction band as one move towards the EF. 

 

 

Fig. 4.9 (b) clearly shows a hybridized p–d DOS in the lowest edge of conduction band of 

pristine SSO. which resembled the characteristics of DOS in Sr2Sn (Du et al.,2016) and 

confirms the highly covalent bonding nature of Sr–Sn bond in SSO. Compared to the case 

of bare PBE-GGA, the absence of Fermi level crossing, negative inversion energy and a 

narrow band gap encourages us to explore the electronic structure of intrinsic vacancy 

containing SSO using only the PBE-GGA + SOC.  

 

 

Figure 4.9 Total DOS (left panel) of pristine Sr3SnO computed without and with the 

inclusion of spin–orbit coupling. Partial DOS (right panel)for the case of PBE-GGA + 

SOC showing the contributions of Sn-5p,O-2p and Sr-4d states in the valence and 

conduction bands of pristine Sr3SnO. 
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4.2.3. Intrinsic vacancy defects in Sr3SnO 

4.2.3.1 Structural and magnetic properties  

The inverse perovskites have a cubic structure with the metal-atoms and oxygen atoms 

occupying atomic sites in such a way that each oxygen atom is surrounded by six 

strontium atoms in an octahedron environment. On the other hand, twelve strontium 

atoms form a cuboctahedron environment around a tin atom. With this coordination 

environment the balanced charged formula for SSO would be 𝑆𝑟3
2+𝑆𝑛4−𝑂2−, which 

shows an unusual 4- oxidation state of Sn that belongs to group 14 elements (Nuss et al., 

2015).To elaborate on the bonding properties of pristine and intrinsic vacancy containing 

supercells of SSO we have computed the effective Bader charges (e) of Sn, O and Sr as 

well as the electronic charge density plots(Bader, 1859) In case of bulk SSO, the effective 

Bader charges of Sn, O and Sr are found to be -2.330 e,-1.512e and 1.282 e, respectively. 

From these values it is confirmed that in SSO, Sn is indeed in the negative oxidation state.  

Since effective Bader charge of Sn shows larger deviation from its ionic limit (-

4e) as compared to the deviation of O atom, the Sn and Sr atoms in SSO are bonded 

together by a strong covalent bond. In its pristine form, the Sr–Sn, Sr–O and Sn–O bond 

lengths of PBE-GGA optimized cubic unit cell of SSO are found to be 3.664 ˚ A, 2.591˚ 

A and 4.487˚ A, respectively. When an atomic site is vacated in the 2x2x2 supercell of 

SSO, the minimization of internal forces causes changes in the atomic positions of the 

atoms surrounding the vacant site (Fig. 4.10). In the present work we have performed 

force minimization of intrinsic vacancy defect containing supercells of SSO with and 

without spin-polarization. Comparison of the non-magnetic (NM) and FM calculations 

only show significant differences in the calculated total energies, charge densities and 

structural properties for the case of Sn vacancy containing 2x2x2 supercell of SSO. On 

the other hand, the relaxation of internal parameters for NM and FM cases of O and Sr 

vacancy containing 2x2x2 supercell of SSO reveal insignificant differences in the relaxed 

atomic positions. Since our results predict only the Sn vacancy containing supercell of 

SSO to be energetically stable in the FM phase (as discussed in next section), Fig. 2(b) 

and (c) display the relaxed supercell of O and Sr vacancy containing SSO obtained with 

NM calculations. 
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The movements of 1st and 2nd nearest neighbor (NN) atoms away (positive values) 

and towards (negative values) the vacancy site in non-stoichiometric SSO for both NM 

and FM cases are presented in Table 4.5. For the case of Sn vacancy, the 1st NN Sr atom 

and 2nd NN O atom move outward and inward, respectively. Similarly, the 1st NN Sr atom 

to the vacant O site experiences an outward relaxation, while the 2nd NN Sn atoms move 

towards the vacant O site. In case of 𝑉𝑆𝑟
0 , the 1st and 2nd NN anions move away from the 

vacant Sr site, while the 2nd NN Sr atoms are attracted towards the Sr vacancy. 

 

 

Figure 4.10. Fully relaxed stable structures obtained with FM calculations for 

(a)𝑽𝑺𝒏
𝟎 and NM calculations for (b) 𝑽𝑶

𝟎 and (c) 𝑽𝑺𝒓
𝟎  Srusing 2x2x2 supercells of 

Sr3SnO. The Sn, O, Sr and vacancy sites are represented by gray, red, green and 

black spheres, respectively. 

 

These results are consistent with the above mentioned 2+, 4- and 2- charge states of 

Sr, Sn and O, respectively, which give rise to attractive and repulsive electrostatic 

interactions in Sr–O and Sn–O bonds, respectively( Erthart and Albe, 2007). 

It is worth pointing out here that a comparison of the atomic movements in 

supercells relaxed with and without spin-polarization reveal that the outward and inward 

relaxation of Sr and O atoms around the vacant Sn site is reduced in case of FM ordering. 

This difference provides a clear indication of the birth of ferromagnetism in Sn deficient 

SSO. We calculated  spin-polarized electronic charge densities of Sn, O and Sr deficient 

SSO (not shown here) it was evident from these plots that only the electronic charge 

density of 𝑉𝑆𝑛
0 containing supercell of SSO shows dependence on spinpolarization. 

Although both O and Sn atoms are in negative charge state, the charge density at the 
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vacant O site does not show any sensitivity to the application of spin-polarization. Similar 

behaviour is evident for Sr deficient SSO. Where equal charge localization is seen for 

both majority spin and minority spin. 

 

 

The effective Bader charges of 1st NN O atom (-1.498 e) and 2nd NN Sn atom (-2.196 e) 

clearly support the charge localized for Sr deficient SSO. Since the effective Bader charge 

of 2ndNN Sn atom shows large reduction in case of Sr vacancy as compared to the Bader 

charge of 1st NN O atom, an anion-orbital like defect level with Sn-5p character would 

appear in the band structure of Sr deficient SSO. In case of 𝑉𝑂
0, the calculated effective 

Bader charges of the 1st NN Sr (1.180 e) and 2nd NN Sn (-2.316 e) atoms reveal that 

breaking the Sr–O bond results in large reduction of e for the Sr atom. On the other hand, 

the calculated effective Bader charges of the 1st NN Sr atom (1.266 e) and 2nd NN O atom 

(-1.513 e) to the vacant Sn site show that tin vacancy does not lead to a significant charge 

reduction of Sr atom when the Sr–Sn bond is broken. The difference in the redistribution 

of Sr charge indicates that the bonding nature and coordination environments of the two 

anions (Sn4- and O2-) dictates the charge localization/ delocalization in case of Sn/O 

vacancy.  

For a further analysis, we have also computed the effective Bader charges of the 3rd NN 

anions for both O and Sn vacancy cases. For the case of O vacancy, the 3rd NN O atom 

Table 4.5 The calculated NN distances (d) for the pristine CSO along with the outward 

(+ive) and inward (–ive) movements (dd) of the atoms surrounding a vacancy site in the 

NM and FM cases. The nearest neighbour rank and the coordination numbers are also 

shown 

 

Calculation 

mode 

NN atoms 

           Sr site Sn site O site 

1st (Ox2)  
2nd 

(Snx4) 

2nd 

(Srx8) 

1st 

(Srx12) 

2nd 

(Ox8) 
1st (Srx6) 

2nd 

(Snx8) 

d in Pristine 

SSO 
2.591 3.664 3.664 3.664 4.487 2.591 4.487 

δd(NM) +0.155 +0.105 - 0.188 +0.068 -0.013 +0.070 -0.002 

δd(FM) +0.155 +0.105 - 0.188 +0.068 -0.009 +0.070 -0.002 
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attains an effective Bader charge of- 1.508 e, which is slightly less than the Bader charge 

of O in pristine SSO and confirms the completely charge delocalization of the six 1st NN 

Sr atom around the vacant oxygen site. This allows us to predict that the electronic 

structure of O deficient SSO results in a defect level populated by equal number of 

majority and minority spin charge carriers between the valence band maxima (VBM) and 

the conduction band minima (CBM) of bulk SSO. On the other hand, the effective Bader 

charge of 3rd NN Sn atom in case of a Sn vacancy containing supercell of SSO increases 

to -2.560 e. This shows that creation of 𝑉𝑆𝑛
0 ,  results in charge localization at the 1st NN Sr 

atom surrounding the vacant Sn site. Since the CBM of pristine SSO is made up of a 

hybridized Sr-4d and Sn-5p orbitals,12The above analysis allows us to predict that 

partially filled Sr dangling bond with a Sr-4d character are responsible for stable 

ferromagnetism in SSO.Stable FM ordering has been observed in numerous metal oxides 

like HfO2, TiO2, SnO2,In2O3, ZnO, CeO2, ZnO2, MgO and Cu2O which results from either 

grain boundaries/lattice distortion or crystal defects (Ning et al., 2015) For practical 

purposes, the magnetic order of DMS must be retained beyond room temperature. In this 

regard nonstoichiometric SSO with Curie temperature (TC) higher than room temperature 

has been recently discovered with possible applications in spintronic and quantum 

computing (Lee et al., 2013).In Table 4.6 we present the total, interstitial and on-site 

magnetic moments (MM) in Sn, O and Sr vacancy containing supercells of SSO along 

with the difference of minimum total energies (ΔENM-EFM) of NM and FM phases. The 

calculated ΔE values reveal that only the supercell containing Sn vacancy has stable FM 

phase, while both O and Sr vacancy containing supercells of SSO are stable in the NM 

phase.  

This is also supported by the large total magnetic moment in the cell for the case 

of Sn vacancy. It is evident from the data presented in Table 4.6 that major contribution to 

the MMtot comes from interstitial MMI for both Sn and Sr vacancies. This confirms our 

earlier observation that Sn vacancy results in charge localization in the area surrounding 

the vacant tin site. Contrary to the predictions for the origins of FM in SSO in some 

earlier experimental studies by Lee et al., (2013) and Klintenberg et al., (2014) our results 

suggest that both cation (Sr) and oxygen vacancies are not responsible for FM in SSO. 
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Table 4.6 The calculated total magnetic moment (MMtot) in the cell along with the 

interstitial (MMI) and atomic (MMX) magnetic moments for the1st NN and 2nd NN 

atoms of the vacant Sn, O and Sr sites in a 2x2x2 supercell of SSO. The energy 

difference between NM and FM phase of each case are also given. 

 

Vacancy 

type 

MMtot MMI MMSr MMO MMSn ΔE=ENM –

EFM (meV) 

Sr24Sn7O8 1.282 1.076 0.015 0.003 -0.002 +32.856 

Sr24Sn8O7 0.000 0.000 0.000 0.000 0.000 -0.461 

Sr23Sn8O8 0.011 0.011 0.000 0.000 0.000 -0.155 

 

 A close inspection of the magnetic moments at 1st and 2nd NN atoms of the 

vacancy site show that the total magnetic moment does not reside at the atoms 

surrounding the vacancy site. Since the anionic nature of Sn in SSO results in different 

charge localization for majority and minority spin channels, the large total magnetic 

moment in case of Sn. vacancy containing super cell is caused by the spin-polarization of 

Sr dangling bond with partially filled Sr-4d states. From the calculated ΔE listed in Table 

4.6 we can estimate the TC of intrinsic vacancy containing SSO by using the Heisenberg 

model (Dinch and Yoshida,2005). 

Tc = 
2∆𝐸

 3𝑥𝑘𝐵 
                                                                                             (4.19) 

In above relation, kB is the Boltzmann constant, while x represents the Sn vacancy 

concentration in the 2x2x2 supercell of SSO. Using the values of ΔE listed in Table 4.6, 

we and that only the Sn vacancy containing supercell can lead to stable room temperature 

FM in SSO with a TC=290 K. This agrees well with experimentally observed room 

temperature FM ordering in SSO. 

4.2.3.2. Formation Energetics 

The evaluation of defect formation energies, 𝛺[𝑋] by DFT in a supercell geometry has 

developed into useful tool to predict the equilibrium concentrations of extrinsic and 

intrinsic point defects and defect complexes in semiconductors. The defect formation 
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energies for Sr, Sn and O vacancy defects in SSO have been computed using the 

following equation 

𝛺[𝑋] = 𝐸𝑡[𝑋] − 𝐸𝑡
𝑆𝑟3𝑆𝑛𝑂

+ 𝜇𝑥                                                              (4.20) 

In above equation Et [X] and Et
Sr3SnO are the minimum total energies of a supercell 

containing Sr, Sn or O vacancy and the pristine supercell of SSO, respectively. 𝜇𝑥 is the 

atomic chemical potential that varies according to points A, B, X, C, and D shown in 

Fig.4.11. The calculated defect formation energies for 𝑉𝑆𝑛
0 , 𝑉𝑆𝑟

0 and 𝑉𝑂
0under various 

growth conditions are shown in Fig. 4.11. It also representing the defect formation 

energies for neutral vacancy defects (𝑉𝑆𝑟
0 , 𝑉𝑆𝑛 

0 𝑎𝑛𝑑 𝑉𝑂
0) in SSO under different growth 

conditions. At points A and B both 𝑉𝑆𝑟
0  𝑎𝑛𝑑 𝑉𝑆𝑛 

0  have formation energies greater than 𝑉𝑂
0. 

Also 𝑉𝑆𝑛 
0  has smaller formation energy as compared to 𝑉𝑆𝑟

0  at these points. This shows 

that under Sr rich condition the oxygen vacancies can easily be formed. 

 

   

 Figure 4.11 The calculated formation energies of charge neutral intrinsic at the 

stability points defined in Fig. 4.7 

 



87 
 

At point C, X and D the formation energy of 𝑉𝑆𝑟
0  is less than 𝑉𝑆𝑛 

0 . At point D the 

formation energy of formation energy of 𝑉𝑆𝑟
0  is also less than 𝑉𝑂

0. 

 

4.2.3.3 Electronic Properties 

Fig. 4.12 displays the calculated spin-polarized partial DOS plots of intrinsic vacancy 

defect containing supercells of SSO with the inclusion of SOC. Comparison of Fig. 4.9 

and 4.12 shows that in case of 𝑉𝑆𝑟 
0 upper valence band crosses the Fermi level, giving rise 

to a p-type nature to SSO. As discussed earlier, the incorporation of Sr vacancy results in 

removal of electrons from the occupied anion orbitals of the valance band. Consequently, 

the charge densities of neighboring O and Sn atoms become localized, which causes the 

unoccupied states in the upper valence band to move towards positive energy values. 

Contrary to this, the removal of an O atom from SSO results in breaking of the Sr–O 

bond. Since the effective Bader charges of neighboring Sn and O atoms do not show large 

changes upon creation of𝑉𝑂 
0 , the charge density of Sr atoms surrounding the oxygen 

vacancies become highly delocalized. As evident from Fig. 7, the delocalization of Sr 

charge density upon introduction of an oxygen vacancy results in the creation of an 

occupied defect level between the CBM and VBM which is predominantly made up of 

Sn-5p and Sr-4d orbitals. The delocalized nature of charge in case of oxygen vacancy 

defect is, therefore, responsible for equal majority and minority spin carriers, no spin 

Polarization. The strong covalent nature of the Sr–Sn bond (as evident from the calculated 

effective Bader charges) emerges from the p–d hybridization (Schwarz, 1987). On the 

introduction of Sn vacancy in SSO the charge in the defective supercell is redistributed in 

such a way that it does not undergo delocalization which is commonly observed in anion 

deficient perovskite oxides. This leads to unequal majority and minority spin carriers 

localized at the dangling bonds of the 1st NN Sr atoms resulting in a spin-polarized band 
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structure of 𝑉𝑆𝑛 
0 containing SSO. This is clearly visible in the partial DOS plots of Sn 

deficient SSO where an occupied defect level predominantly made up of Sr-4d orbitals 

appears in the majority spin channel, while the same orbital contributions are unoccupied  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.12. The spin-polarized partial DOS plots of 𝑽𝑺𝒏 
𝟎 , 𝑽𝑶 

𝟎 and 𝑽𝑺𝒓 
𝟎  containing 

2x2x2 supercells of Sr3SnO calculated with the inclusion of SOC. The majority and 

minority spin channels are represented by up and down arrows, respectively. 
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and positioned above the EF for minority spin channel. The spin-polarization of Sn 

vacancy containing SSO leads to a metallic nature for the majority spin channel, while 

aninsulating character is achieved for the minority spin channel. The spin-polarized 

electronic DOS of 𝑉𝑆𝑛 
0 containing supercell of SSO, therefore, confirms the 

experimentally observed ferromagnetism in SSO. 
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4.3. Barium Tin Oxide (Ba3SnO) 

Ba3SnO is an emerging ideal cubic anti-perovskite oxide structure of 5.4Aᵒ with 

slight crystal distortion (Nuss et al.,2013) and was first time synthesized by Widera and 

Schafer, (1980). Recently Kariydo, (2017) proposed the existence of twin Dirac cone in 

the band structure of Ba3SnO. As discussed earlier the RTFM is an important 

characteristic for spintronic as well as quantum computing, and it can be controlled via 

doping or vacancy defects.  However, no research work is found in literature that 

investigates the magnetic, electronic, thermodynamic and structural properties of BSO in 

the presence of intrinsic vacancy defects. Therefore, the focus of present work is the 

investigated the effect of neutral intrinsic vacancies on magnetic properties of BSO, 

further we have also presented the electronic, structural as well as thermodynamic 

properties of Ba3SnO. For BSO case we considered that the wave functions, potentials, 

and charge density are expanded spherical harmonically in the muffin-tin spheres of radii 

RBa = 2.3 a.u., RSn = 2.0 a.u. and  RO = 1.75a.u. 

4.3.1 Structural Properties and the Stability Diagram of Pristine 

Ba3SnO  

The calculated structural properties and enthalpy of formation (eV/f.u) (table 4.7) for  

BaO,BaSn Ba2Sn and Ba3SnO  are presented and a  comparison with experimental data 

also presented .Which shows that our calculated results are in  good agreement with the 

experiments and validates the reliability of calculations reported in our work. The Phase 

diagram or thermodynamic stability diagram is based on the formations enthalpy and 

thermodynamic equilibrium conditions. It can provide valid ranges of atomic chemical 

potentials for any the material( Zhangand  Northup,1991). Therefore, in order to avoid the 

precipitation of solid elemental crystal, we assumed that the atomic chemical potential of 

the atomic species in their stable reference states are exceeding the individual chemical 

potential of its isolated atom as described by equation  4.5 (Erthart and Albe,2007). 

To get stable synthesis of BSO the chemical potential of Binary compounds must 

satisfy following conditions. 

     ∆𝜇𝐵𝑎 + ∆𝜇𝑂 ≤ ∆𝐻𝑓
𝐵𝑎𝑂                                                                                    (4.21) 



91 
 

Table 4.7 Comparison of calculated structural parameters and enthalpies of 

formation with earlier first-principles calculations (Other Theo.) and experimental 

(Expt.) data available in literature. 

 

 

System 

Lattice parameters (Å) Enthalpy of formation (eV/f.u) 

Current work Experimental Current work Experimental 

BaO 

(225,Fm3m) 
5.593 

5.536 (Elo et 

al.,1973) 
-5.102 

−6.032 

(Raleigh et 

al.,1950) 

BaSn(63,Cm

m) 

5.362 
5.316(Zumdal, 

2009) 

-1.468 
 

------- 12.660 12.55 

4.698 4.657 

 

Ba2Sn 

(Pnma,221 ) 

8.792 
8.615  (Guttsche 

et al., 2006) 

-1.95 

 

3.907 (Gale and 

Totemeier,2004) 
5.630 5.690 

10.786 10.078 

Ba3SnO 

(221, Pm3m) 
5.509 5.448(10) -7.538 

        _____ 

 

      2∆𝜇𝐵𝑎 + ∆𝜇𝑆𝑛 ≤ ∆𝐻𝑓
𝐵𝑎2𝑆𝑛                                                                             (4.22) 

      ∆𝜇𝐵𝑎 + ∆𝜇𝑆𝑛 ≤ ∆𝐻𝑓
𝐵𝑎𝑆𝑛                                                                                 (4.23) 

As Ba3SnO contains three types of atoms, the thermodynamic equilibrium 

conditions suggested that 

        3∆𝜇𝐵𝑎 + ∆𝜇𝑆𝑛 + ∆𝜇𝑂 = ∆𝐻𝑓
𝐵𝑎3𝑆𝑛𝑂                                                          (4.24) 

Where in above equations 4.21,4.22, 4.23 and 4.24  ∆𝜇𝐵𝑎, ∆𝜇𝑆𝑛 𝑎𝑛𝑑 ∆𝜇𝑂 are 

chemical potentials of  Ba, Sn and O respectively, while ∆𝐻𝑓
𝐵𝑎𝑂, ∆𝐻𝑓

𝐵𝑎2𝑆𝑛, ∆𝐻𝑓
𝐵𝑎𝑆𝑛  and 
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∆𝐻𝑓
𝐵𝑎3𝑆𝑛𝑂 are  related enthalpy of formations. The enthalpies of formation of BaO, Ba2Sn 

and Ba3SnO have been computed using following relations 

∆𝐻𝑓
𝐵𝑎𝑂 = 𝐸𝑡

𝐵𝑎𝑂 − 𝐸𝑡
𝐵𝑎 −

1

2
𝐸𝑡

𝑂2                                                             (4.25) 

∆𝐻𝑓
𝐵𝑎2𝑆𝑛 = 𝐸𝑡

𝐵𝑎2𝑆𝑛 − 2𝐸𝑡
𝐵𝑎 − 𝐸𝑡

𝑆𝑛                                                       (4.26) 

 

∆𝐻𝑓
𝐵𝑎𝑆𝑛 = 𝐸𝑡

𝐵𝑎𝑆𝑛 − 𝐸𝑡
𝐵𝑎 − 𝐸𝑡

𝑆𝑛                                                            (4.27) 

         ∆𝐻𝑓
𝐵𝑎3𝑆𝑛𝑂 = 𝐸𝑡

𝐵𝑎3𝑆𝑛𝑂 − 3𝐸𝑡
𝐵𝑎 − 𝐸𝑡

𝑆𝑛 −
1

2
𝐸𝑡

𝑂2                                     (4.28) 

The 𝐸𝑡
𝐵𝑎3𝑆𝑛𝑂,𝐸𝑡

𝐵𝑎2𝑆𝑛, 𝐸𝑡
𝐵𝑎𝑆𝑛,𝐸𝑡

𝐵𝑎𝑂,𝐸𝑡
𝑆𝑛and𝐸𝑡

𝐵𝑎are representing minimum total 

energies of GGA optimized bulk unit cells of BSO, Ba2Sn, BaSn BaO, Sn and Ba 

respectively .We calculated  𝐸𝑡
𝑂2 (the energy of O2 molecule)  by adding the PBE-GGA 

cohesive energy of Oxygen molecule 𝐸𝑐
𝑂2 (Tran et al., 2007) in the twice of total energy 

of single O atom (𝐸𝑡
𝑂). While the 𝐸𝑡

𝑂 is calculated at Г point by considering k=1 and 

considering tetragonal symmetry we have used following relation  𝐸𝑡
𝑂2 = 2𝐸𝑡

𝑂 + 𝐸𝑐
𝑂2                                    

It is obvious, from Table 4.7 the calculated enthalpies of formation are in well agreement 

with experiments and related phase diagram of Ba3SnO on the based on the calculated 

enthalpy of formations of BaO, BaSn Ba2Sn and Ba3SnO is displayed in Fig 4.13. The 

inclusion of BaSn significantly restricts the range of chemical potentials required for the 

synthesis of BSO.  If BaSn is not considered the quadrilateral ABFE showed  stable 

growth region of BSO, under extreme Sn-rich (∆𝜇𝑆𝑛 = 0𝑒𝑉) and extreme Ba-rich 

(∆𝜇𝐵𝑎 = 0𝑒𝑉) conditions. while the inclusion of BaSn restrict the stability region for 

BSO to A-B-C-D. while remaining region C-D-E-F is relevant to stable BaSn. The atomic 

chemical potentials above line AE and below the line BF give the region of chemical 

potentials where BaO and Ba2Sn can be synthesized. Therefore, it can be easily predicted 

by the TSD that BSO extreme Ba-rich (∆𝜇𝐵𝑎 = 0𝑒𝑉) and intermediate Sn-rich condition 

(∆𝜇𝑆𝑛 = −0.820𝑒𝑉). The points A and B are representing Sn poor and Ba rich 

conditions, moreover the point B also represents extreme reduction condition with 

∆𝜇𝑆𝑛 = −5.252𝑒𝑉. Therefore, we can easily conclude that BSO can be easily formed 

under reduction condition with metal rich condition. The points A, B, C and D are 
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enclosing the region within which Ba3SnO can be synthesized without the secondary 

phases BaO, BaSn and Ba2Sn. Since  we  noted that the calculated enthalpy of formation 

of BSO is less than the sum of enthalpies of formation of BaO and Ba2Sn. Therefore the 

process of creation of BSO is exothermic and it supports the stable formation of anti-

perovksite like structures (Olsson et al., 2016). 

 

Figure. 4.13 Thermodynamic stability diagram showing the valid ranges of chemical 

potentials which satisfy stable synthesis of Ba3SnO, BaO, BaSn and Ba2Sn. The 

quadrilateral ABCD encompasses the region where Ba3SnO can be produced 

without the secondary phases BaO, BaSn and Ba2Sn. 
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4.3.2 Electronic Properties of Pristine Ba3SnO 

In present work we calculated the band structure for BSO without and with the in 

inclusion of spin-orbit coupling (SOC). We noted that the inclusion of SOC plays 

important role in the stabilizing of BSO as it makes total ground state energy more 

negative. However, there is very minute difference between bulk band structures of BSO 

without and with SOC. SOC causes a very small energy difference of 0.02eV at Г point 

and introduced avoided crossing feather (about 0.017eV) between Г and X points as 

shown in Fig.5. which indicated that bulk BSO is metallic as it has approximately gapless 

bulk states. Further no band inversion is found for BSO when SOC is included. This 

confirms its non-topological behavior as also reported by Chiu et al., (2016) and Cherred 

et al., (2011) respectively. The non-topological metallic behavior of BSO is due to large 

valance electronic charge concentration of Ba as compared to Ca and Sr which cases the 

enhancement splitting energy levels with large SOC effect and narrowing the gap 

between the electronic states as moving down a column for a group in periodic table 

(Gangopadhyay and Pickett,  2015). The involvement of Ba 5d states can be considered 

the major cause of narrowing the energy gaps at Г or between Г and X points. As the 

band width of Ba 5d orbital is greater than Sr 4d and Ca 3d so the energy difference 

between states is going to decrease when we move from Ca3SnO, Sr3SnO to Ba3SnO 

(Kariyado, 2017).  

Fig 4.15 is representing the DOS of pristine without and with SOC. The Partial 

electronic density (PDOS)of states for pristine (BSO+SOC) is also presented. For bulk 

BSO the PDOS we noted that Sn (5p) states are major contributor to the total DOS below 

the Fermi level and the valance band maxima is mainly composed of Sn (5p) and Ba(5d) 

hybrid states. While conduction band minimum is composed of Ba (4d) states. The 

overlapping of Ba electronic states between V.B and C.B confirms the metallic nature of 

BSO. Further the conduction band maxima (above 1eV) is composed of Ba (5d) and O 

(2p) states.  
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Figure. 4.14   The Global band structure for BSO without (a) and the inclusion of 

spin-orbit coupling (b). 

 

 

Figure 4.15. Total DOS of pristine Ba3SnO computed without and with the inclusion 

of spin–orbit coupling displayed in left panel (a). Partial DOS for the case of PBE-

GGA + SOC right panel (b) is showing the contributions of Sn-5p, O-2p and Ba-5d 

states in the valence and conduction bands of pristineBa3SnO 
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Therefore, the major contribution of Ba below and above Fermi level is a representation 

of its larger valance charge concentration as compared to O and Sn. 

4.3.3 Intrinsic vacancy defects in Ba3SnO 

4.3.3.1 Structural and Magnetic Properties 

Ba3SnO has cubic inverse Perovkites structure with Ba, Sn and O are occupying (0.50, 

5.00, 0.00), (0.00, 0.00, and 0.00) and (0.50, 0.50, 0.50) positions respectively (Nuss et 

al., 2015). In general, 𝐵𝑎3
2+𝑆𝑛4−𝑂2− is structurally Zintle Phase with filled p-orbital of 

Sn empty d orbital of Ba (Kariyado and Ogata, 2011 &2012). To get view of bonding 

properties of Ba3SnO we have performed Bader charge analysis (Bader, 1985). In its 

pristine form the effective Bader charges of Ba, Sn and O are +1.149e, -1.999e and -

1.442e respectively. Since both Ba and Sn shows large deviations from there ionic limits, 

therefore we predicted the covalent nature of both Ba2Sn and BaO bonds.   

 

 

 Figure 4.16 The crystal structure of Ba3SnO inverse-perovskite 

 It is also noted that according to Bader charge analysis BaO bond in Ba3SnO is 

found to be more covalent then SrO (Batool etal., 2017) and CaO (Batool et al., 2018) 

bonds in Sr3SnO and Ca3SnO respectively. However our prediction is found contradict to 

the Millkun charge transfer analysis performed by Cherred et al., (2011) predicted the 

more ionic nature of BaO  as compared to CaO and SrO.  To check the effect of intrinsic 



97 
 

vacancy defect on the Bader charges, an atomic site is vacated from the 2×2×2 SC of 

BSO.  

The minimization of internal forces around the vacancy site brings changes in 

Bader charges of the atoms present around the vacancy site. These changes are mainly 

due to the breakage of bond between the vacancy atom and its neighbors. In current work 

the force minimization has been performed for intrinsic vacancy defect containing SCs of 

BSO without and with spin-polarization. Table.4.8 is representing the percentage change 

in Bader charge of 1st and 2nd NN of  𝑉𝐵𝑎
0 , 𝑉𝑆𝑛

0 , and 𝑉𝑂
0, vacancies with respect to pristine. 

For 𝑉𝑂
0 (FM) case the Bader charge of 1st NN (Ba) is decrease to 0.869e while minor 

decrease is observed for 2nd NN (Sn). The significant reduction of b Bader charge 1st NN 

shows that the breakage of BaO bond strongly causes the delocalization and localizations 

of charge around Ba and transfer towards the  𝑉𝑂
0 site, the reduction of Bader charge of 1st  

NN give rise magnetic ordering around the vacancy site as well as in interstitial region in 

case of O vacancy containing supercell of BSO. Similar behavior is observed for 𝑉𝑂
0  

(NM) case, but in this case the reduction of Ba Bader charge gave electronic states which 

arranged them in such manner that there is no resultant magnetic moment. Moreover, we 

found that only oxygen vacancy containing Ba3SnO is only stable ferromagnetically.   For 

Sn vacancy FM and NM case 1st NNs showed decrease in Bader charge. while the Bader 

charge of 2nd NNs has increased. The minute decrease in the Bader charge of 1NN gives 

indication that the even after breakage of Ba2Sn bond the maximum charge remained 

confined like its bonded form, just small amount of charge transfer occurred from 1NN to 

the 2NN. Therefore, this smaller redistribution of charge causes non-magnetic ordering 

for both FM and NM cases for Sn vacancy containing supercell of BSO. For Ba vacancy 

for both NM and FM cases the charge of 1NN and 2NN anions has decreased, while 

Bader charge of 2NN cation is increased. This shows the transfer of charge occur between 

anion to cation neighbors as well as toward the vacancy site due to the breakage of Ba2Sn 

and BaO bonds. However, these charge transfer give rise no overall magnetic ordering. 

Bond lengths of PBE-GGA optimized cubic unit cell of Ba3SnO for following bonds Ba-

Sn, Ba-O and Sn-O   are found to be 3.895 Å ,2.754 Å and 4.771 Å, respectively.   
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Table 4.8 The 1st and 2nd NN Bader charges computed with NM and FM calculations 

for non-stoichiometric Ba3SnO. In  last row the negative and positive percentages is 

representing the respective increase and  decrease of bader charges  of NN atoms to 

the vacancy site after relaxation of Ba, Sn and O vacancy containing 2 x 2 x 2 SC of 

Ba3SnO 

  

While introduction of vacancy in 2×2×2 SC of BSO, may affect the bond length in 

vacancy neighboring and the minimization of the internal forces around vacancy site 

brings changes in the atomic positions. Fig .4.17 is displaying the inward (towards 

vacancy site along –ive y direction) and out ward (away from vacancy site along + ive y 

direction) for both FM and NM cases of  𝑉𝐵𝑎
0 , 𝑉𝑆𝑛

0 , and 𝑉𝑂
0 vacancies. 

For Sn vacancy the first NN Ba moved outward its distance from vacancy site has 

reached to 3.998 Å and 3.997 Å for FM and NM case respectively. While second NN O 

has moved inward and respective bond length is decreased to 4.750 Å for both NM and 

FM cases. The inward movement of O anion is due to the increase of force of attraction 

on it due to outward movement of Ba atom, and because of decrease in repulsive force on 

it in case of removing Sn anion. For O vacancy FM case 1st NN moved outward and 2nd 

NN moved inward with respective bond length are became 2.907 Å and 4.752 

respectively. While for the O vacancy NM case no change in bond lengths of 1st NN and 

2nd NN are found as shown in fig 3(b) by drawing red and green lines parallel to x-axis. 

This difference in behavior of both FM and NM for O vacancy gives an indication that 

magnetism can be found for FM case and in this electronic charge can redistribute itself 

to give rise magnetic ordering. 

Nearest neighbor 

Vacancy type 

Sn O Ba 

1st 

(Ba×1) 

2nd 

(O×8) 

1st 

(Ba×6) 

2nd 

(Sn×8) 

1st 

(O×2) 

2nd 

(Sn×4) 

2nd 

(Ba×8) 

Bedar 

charge 
Pristine 1.149e 

-

1.442e 
+ 1.149e -1.999e -1.442e -1.999e +1.149e 

% 

Variatio

n of 

Bader 

charge 

FM -0.96 +0.49 - 24.37 -0.30 -1.18 -4.20 +0.260 

NM 18.19 +0.28 -27.15 -0.25 -1.18 -4.25 +0.260 
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 Figure  4.17 The 1st and 2nd NN  bonds lengths variations computed with FM and 

NM calculations for 𝑽𝑺𝒏
𝟎 , 𝑽𝑶

𝟎  𝒂𝒏𝒅 𝑽𝑩𝒂
𝟎  are presented in (a), (b) and (c).The inward 

(along –ive y-axis) and outward (along +ive y-axis) movement of NN atoms to the 

vacancy site after relaxation of Sn, O and Ba vacancy containing 2 x 2 x 2 SC of 

Ba3SnO. While x-axis is representing pristine bond length for each case and any line 

parallel to that is a representation of no change w.r.t pristine. 

 

Lastly for both Ba FM case1st NN O  and 2nd  NN anions moved outward and 

there distances from vacancy site became 2.909 Å and  4.041 Å. This outward movement 

is due to the decrease in the coulombs attraction between anion and cation, when the Ba 

atom is removed. While for the second NN Ba bond length remains unaltered for both FM 

and NM.  

The spin-polarized electronic charge densities of Sn, O and Ba deficient BSO are 

evident (fig not shown here) that only the electronic charge density of 𝑉𝑂
0containing 

supercell of shows dependence on spinpolarization. Both Ba and Sn vacancy containing 

supercells do not show any sensitivity to the application of spin-polarization. The 

extrinsic or intrinsic defects can play crucial role to induce room temperature 

ferromagnetism (RTFM) in non-magnet solids (Zheng et al., 2015; Sala et al., 2014; 

Torres et al., 2014; Mishra et al., 2013).Therefore, in our work we investigated the 

magnetic properties for 2x2x2 supercell of BSO containing neutral O/Ba/Sn intrinsic 

vacancy. The respective magnetic moments and energy differences between 

ferromagnetic and non-magnetic phase for all vacancies are separately displayed in table 
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4.9. We noted that the maximum total magnetic moment is found in case of O vacancy. 

For O vacancy case the 1st NN Ba (RMT=2.3 a.u) carries local moment of Ba: 0.024µB 

and 2nd NN Sn (RMT=2.0 a.u ) shows no contribution at all as it contains magnetic 

moment -0.000 µB. Here it is point of worth that a magnetic moment of 0.013µB is found 

along the O vacancy (RMT=1.75) site and maximum magnetic moment about 0.853 µB in 

interstitial region is found for the case of O vacancy containing supercell of BSO. We 

supposed that the large magnetic moment in case of O vacancy is because of super 

exchange mechanism between 1st NN Ba and O vacancy this exchange mechanism 

stabilized the transfer of charge from Ba to O (the transfer of charge from Ba atom and O 

vacancy is found by Bader charge analysis).  

Table 4.9 The calculated local magnetic moments of vacancy neighbours (MMLOC), 

Magnetic moment in interstitial region (MMI) around vacancy site and total 

magnetic moment (MMTOT) in the cell for Ba, Sn, O and vacancy containing 2 x 2 x 2 

SCs of BSO. The energy difference between NM and FM phase of each case are also 

given. 

 

Vacancy 

type 

Local magnetic 

moments of vacancy 

neighbors(MMLOC)

𝜇𝐵 

Magnetic 

moment in 

interstitial region 

(MMI) 𝜇𝐵 

Total 

magnetic 

moment 

(MMTOT) 

𝜇𝐵  

Energy 

difference 

between nm and 

fm phase 

ΔE=Enm -Efm 

(meV) 

Ba23Sn8O8 

Ba : - 0.000 

+0.002 +0.002 0.000 Sn: +0.000 

O:   -0.000 

Ba24Sn7O8 

Ba :  0.000 

-0.004 -0.004 -4277.218 Sn:   0.000 

O:   -0.000 

Ba24Sn8O7 

Ba : 0.024 

0.850 1.036 +420.876 Sn: - 0.000 

O:   0.013 
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The Hund’s rule controls overall exchange-mechanism in such way that it allows 

more parallel orientations of magnetic moments than antiparallel orientation in the case of 

O vacancy containing supercell. Since the super-exchange mechanism based magnetic 

ordering is depends upon the size of vacancy (Kikoin et al., 2006) therefore we can say 

the Only O vacancy radius merely can cause suitable magnetic ordering while no such 

magnetic ordering is found in case of Sn vacancy. We found that Sn and Ba vacancies did 

not give rise appreciable total magnetic moments. 

Further we also noted that ΔE is positive only for oxygen vacancy containing BSO 

supercell which shows that only O vacancy containing supercell is ferromagnetically 

stable  while Sn or Ba containing supercells are  stable non-magnetically. Further We 

have used the relation obtained from Heisenberg model to estimate the curie temperature 

Tc for 𝑉𝑂
0 vacancy containing BSO supercell by using relation given below (Dinh and 

Yoshida, 2005).  

𝑇𝐶 =
2∆𝐸

3𝑥𝑘𝑏
                                                                                                     (4.29) 

In above equation, kb is the Boltzmann constant, while x represents the O 

concentration (= 0.875) in the O vacancy containing 2 x 2 x 2 SC of BSO while ΔE in the 

energy difference between non-magnetic and ferromagnetic phases as listed in Table 3. 

The calculated curie temperature is found approximately Tc = 3721 K. therefore oxygen 

vacancy containing BSO can be used for spintronic as well as quantum computing 

application.   

4.3.3.2 Formation energetics 

The calculated formation energies Ω(x) of extrinsic and intrinsic point defects/ 

defect allow to predict their equilibrium concentrations of in semiconductor and metallic 

complexes (Freysoldt et al., 2016). We have been computed the defect formation energies 

for Ba, Sn and O vacancy defects in BSO using this relation (Hine et al., 2009). 

𝛺(𝑋) = 𝐸𝑡(𝑋) − 𝐸𝑡
𝐵𝑟3𝑆𝑛𝑂 + µ𝑥                                                                (4.30) 

Where 𝐸𝑡(𝑋) and 𝐸𝑡
𝐵𝑟3𝑆𝑛𝑂 are the minimum optimized total energies of BSO 

supercell containing a vacancy defect of type X (where X = Ba, O and Sn) and bulk BSO, 

respectively. while µx, represents the atomic chemical potential limits of vacancy atom X 
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that vary according to the chemical coordinates display in phase diagram. Fig. 4.19 shows 

the calculated defect formation energies for 𝑉𝐵𝑎
0 , 𝑉𝑆𝑛

0  and 𝑉𝑂
0 under different conditions 

(oxidation and reduction) as well as oxidation and reduction conditions. As we noted that 

(from thermodynamic stability diagram) that both points A and B are representing the Ba 

rich conditions, at theses points Ba vacancies have formation energy greater than both O 

and Sn vacancies. Therefore, Ba vacancies are more difficult to at these point and anion 

vacancies like Sn and O can be easily introduced under reduction or Sn poor conditions. 

While the points X, C and D the formation energy of Ba vacancy is smaller than both 

Ω(Sn). Moreover, at point D the Ω(Ba) is also less than Ω(O). This shows that the Ba 

vacancy can be easily formed under oxidation or Sn rich conditions. The defect formation 

energies of Sn vacancy are found to be lowest at both points A and B which suggest that 

the Sn vacancy also can be introduced easily at these points under reduction conditions or 

Ba rich condition. These point where Sn vacancy easily incorporated are suitable for the 

Ba3SnO synthesis. 

 

Figure 4.18. The formation energies of neutral intrinsic vacancies 𝑽𝑩𝒂
𝟎 , 𝑽𝑺𝒏

𝟎  and 𝑽𝑶
𝟎  in 

Ba3SnO at points defined in Phase diagram of BSO, BaSn, Ba2Sn and BaO. 
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4.3.3.3 Electronic Properties 

The introduction of vacancy to the supercell of BSO significantly affects the partial DOS 

as compared to pristine. The introduction of 𝑉𝐵𝑎
0  vacancy causes the downward movement 

of Fermi level. This shows that the breakage of Ba-Sn bond causes the unoccupied states 

near the V.B maximum so Fermi level moved downward. While for 𝑉𝑆𝑛
0  the braekage of 

Ba2Sn bond causes the delocalization of Ba atoms charge in such way that it introduced a 

defect level with Sn anionic nature near the valance band. Therefore, an upward 

movement of V.B is observed for Sn containing supercell of BSO. We noted that the 

introduction of the 𝑉𝑂
0 in supercell of BSO significantly reduced the Ba electronic density 

of states below and above Fermi level. This reduction is electronic DOS is can be 

considered due to the transfer of electronic charge from Ba to O vacancy and interstitial 

region(as discussed earlier). Which causes the spin polarization of DOS and resultant 

ferromagnetic behavior is found for O vacancy containing supercell. 
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Figure 4.19 The spin-polarized partial DOS plots of 𝑽𝑩𝒂 
𝟎 , 𝑽𝑺𝒏 

𝟎 and 𝑽𝑶 
𝟎  containing 

2x2x2 supercells of Ba3SnO calculated with the inclusion of SOC. The majority and 

minority spin channels are represented by up and down arrows, respectively. 
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4.4 Calcium Lead Oxide (Ca3PbO) 

Calcium lead oxide (Ca3PbO) is an emerging inverse peorvskites topological insulator 

material (Kariyado and Ogata, 2011; Klintenberg et al., 2014). This was firstly 

synthesized by Widera and Schaefer in 1980s. Due to the presence of strong spin orbit 

coupling (SOC) of Pb it showed band inversion at Г point in which energies of p and d 

orbital switched. It also exhibits strong spin-momentum locking at surface due to SOC 

and inversion symmetry breaking and these surface states are also termed as type II Dirac 

surface states with van-Hove singularities in their dispersion (Hsieh et al., 2014; 

Kariyado, 2015; Chiu et al., 2017). Further Kariyado and Ogata (2011) theoretically 

predicated the existence of three-dimensional Dirac electrons near the gamma and X 

points of bulk band structure of Ca3PbO. The existence of 3D Dirac electrons is 

confirmed experimentally by Obata et al., (2017) through soft x-ray angle-resolved 

photoemission spectroscopy. Theses experimental and theoretical predictions confirmed 

that Ca3PbO is also a 3D Dirac Fermion system. Okamoto eta l., (2016) also 

experimentally studies the thermoelectric properties of Ca3PbO antiperovskites and 

Ca3Pb1-xBixO and found that its low resistivity as compared to Bi doped CPO.   

4.4.1. Structural Properties and the Stability Diagram of Pristine 

Ca3PbO  

The knowledge of atomic chemical potential (μX, where X = Ca, Pb and O) is significant 

for the determination of thermodynamics stability of solids. The calculated enthalpies of 

formation shown in Table 1 are used for computing the stability diagram of CPO. For this 

reason, we have used the fact that the atomic chemical potential of an atomic species in 

its stable solid/gas phase is related to the chemical potential of an isolated atom by the 

equation 4.5. 

To get the reliable estimation about the thermodynamics of the material under 

consideration we have used following relations for the calculation of enthalpy of 

formation for CPO, CaO, CaPb and Ca2Pb by adopting optimized parameters 

∆𝐻𝑓
𝐶𝑎3𝑃𝑏𝑂 = 𝐸𝑡

𝐶𝑎3𝑃𝑏𝑂 − 3𝐸𝑡
𝐶𝑎 − 𝐸𝑡

𝑃𝑏 −
1

2
𝐸𝑡

𝑂2                                    (4.31) 

∆𝐻𝑓
𝐶𝑎𝑂 = 𝐸𝑡

𝐶𝑎𝑂 − 𝐸𝑡
𝐶𝑎 −

1

2
𝐸𝑡

𝑂2                                                            (4.32) 



106 
 

          ∆𝐻𝑓
𝐶𝑎𝑃𝑏 = 𝐸𝑡

𝐶𝑎𝑃𝑏 − 𝐸𝑡
𝐶𝑎 − 𝐸𝑡

𝑃𝑏                                                           (4.33) 

        ∆𝐻𝑓
𝐶𝑎2𝑃𝑏 = 𝐸𝑡

𝐶𝑎2𝑃𝑏 − 2𝐸𝑡
𝐶𝑎 − 𝐸𝑡

𝑃𝑏                                                       (4.34) 

In above Eq. (4.31),  (4.32), (4.34) and (5) 𝐸𝑡
𝐶𝑎3𝑃𝑏𝑂, 𝐸𝑡

𝐶𝑎2𝑃𝑏 , 𝐸𝑡
𝐶𝑎𝑃𝑏, 

𝐸𝑡
𝐶𝑎𝑂,𝐸𝑡

𝑃𝑏and𝐸𝑡
𝐶𝑎are the minimum total energies of GGA optimized bulk unit cells of 

CPO, Ca2Pb, CaPb, CaO, Pb and Ca, respectively. While the energy of an O2 dimer (𝐸𝑡
𝑂2)  

has been estimated using method presented by Rogal, (2006). 

Table 4.10 Comparison of calculated structural parameters and enthalpies of 

formation with experimental (Expt.) data available in literature. 

 

 

System 

 

Space 

Group 

Lattice Parameter Enthalpy of Formation 

(eV/f.u) 

This work Expt. This 

work 

Expt. 

CaO 
225, 

Fm3m 
4.840 

4.811 (Shao et al., 

2011) -5.932 
-6.582 (Tables, J. T. 

1985) 

CaPb 
123-

P4/mmm 

3.645×√2 

=5.154 

4.491 (Bruzzone and 

Merlo, 1976) 

-1.226 
          -1.182 

    (Bouirden, 1984) 

3.645×√2 

=5.154 
4.491 

4.531×√2 

=6.408 
5.118 

Ca2Pb 62, Pnma 

8.081 
8.072 (Eckerlin etal., 

1961)  

-1.706 

 

-1.835  

(Bouirden, 1984) 5.105 5.100 

9.657 9.647 

Ca3PbO 221, 

Pm3m 

4.880 4.847( Widera and 

Schäfer, 1980) 

-8.073 ----- 

https://www.sciencedirect.com/science/article/pii/0022508876902368#!
https://www.sciencedirect.com/science/article/pii/0022508876902368#!
https://www.sciencedirect.com/science/article/pii/0022508876902368#!
https://www.sciencedirect.com/science/article/pii/0025540880902007#!
https://www.sciencedirect.com/science/article/pii/0025540880902007#!
https://www.sciencedirect.com/science/article/pii/0025540880902007#!
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Table 4.10 is displaying calculated lattice parameters as well as calculated enthalpy of 

formations for CPO, CaO, CaPb and Ca2Pb. For CaPb there are two atomic 

configurations for 123-P4/mmm space group (i.e. Conventional and Primitive). The 

experimental lattice constants by Bruzzone and Merlo, (1976) were for the conventional 

configuration of CaPb 123-P4/mmm space group. While the Wien2k software which we 

have used in our work usually employ primitive configuration for 123-P4/mmm space 

group. Therefore,, our calculated lattice parameters have been converted to experimental 

configuration which is related to the experimental configuration by a factor of  √2. 

The calculated enthalpy of formation helps to find the chemical potentials for the 

stable synthesis of CPO. For stable synthesis of CPO, the supposition of Eq. 6 allows us 

to relate the enthalpies of formation of CaO, Ca2Pb, CaPb and CPO (calculated using 

equations from 4.35-4.38) with the ranges of atomic chemical potentials as 

∆𝜇𝐶𝑎 + ∆𝜇𝑂 ≤ ∆𝐻𝑓
𝐶𝑎𝑂                                                                         (4.35) 

∆𝜇𝐶𝑎 + ∆𝜇𝑃𝑏 ≤ ∆𝐻𝑓
𝐶𝑎𝑃𝑏                                                                      (4.36)                                                                     

2∆𝜇𝐶𝑎 + ∆𝜇𝑃𝑏 ≤ ∆𝐻𝑓
𝐶𝑎2𝑃𝑏                                                                   (4.37)                           

3∆𝜇𝐶𝑎 + ∆𝜇𝑃𝑏 + ∆𝜇𝑂 = ∆𝐻𝑓
𝐶𝑎3𝑃𝑏𝑂                                                     (4.38) 

Fig. 4.21 shows the calculated ranges of atomic chemical potentials (ΔμX) of Ca, 

Pb and O atoms which provide information regarding the stability of CPO, CaO, CaPb 

and Ca2Pb. If CaPb is not considered a competing phase, the region enclosed inside A-B-

F-E allows to acquire the extreme Ca rich (∆𝜇𝐶𝑎 = 0eV) and extreme Pb-rich 

(∆𝜇𝑃𝑏 =0eV) conditions. It is clearly visible from Fig. 4.21 that only the region enclosed 

by A-B-C-D quadrilateral fulfills stable growth environments for obtaining CPO and the 

regions enclosed by C-D-E-F gives the values of atomic chemical potentials that lead to 

the creation of CaPb. While, the regions below the line A-E and above the line B-F 

provide us the atomic chemical potentials, which satisfy stable synthesis of CaO and 

Ca2Pb, respectively. which shows that the extreme Ca rich (∆𝜇𝐶𝑎 = 0eV) condition is 

permissible for the stable growth of CPO, while the synthesis of CPO can only be realized 

https://www.sciencedirect.com/science/article/pii/0022508876902368#!
https://www.sciencedirect.com/science/article/pii/0022508876902368#!
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for an intermediate Pb-rich condition where ∆𝜇𝑃𝑏 ≤ -0.500 eV. Consequently, the points 

A/B and D represent, respectively, the extreme Ca-rich and Pb-rich conditions. The point 

B also represents the extreme reduction (O-poor) condition where ∆𝜇𝑂 = −6.000 eV. 

Moreover, the Pb-poor and Ca poor conditions for stable synthesis of CPO are satisfied at 

point A and point D, respectively. It is clear from Fig.1that the extreme oxidation (O-rich) 

condition (i.e., ∆𝜇𝑂 =0.000 eV) and extreme Pb-rich condition (i.e., ∆𝜇𝑃𝑏 =0.000 eV) 

would never result in the production of CPO. Hence, the stable synthesis of antiperovskite 

CPO can only be realized under metal-rich/reduction environment. 

 

 

 

 

 

 

 

 

 

 

 Figure 4.20 . The Ca3PbO Thermodynamic stability diagram showing the valid 

ranges of chemical potentials, which satisfy stable synthesis of Ca3PbO,  CaO,  CaPb 

and Ca2Pb. The quadrilateral ABCD encompasses the region where Ca3PbO can be 

produced without the secondary phases CaO, CaPb and Ca2Pb.  
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4.4.2. Electronic properties of pristine Ca3PbO 

Owing to the presence of Pb in CPO, its electronic properties are strongly influenced by 

SOC interaction. For this reason, we first examine the effects of inclusion of SOC on the 

electronic structure of CPO. The electronic band structure of pristine CPO calculated 

using bare PBE-GGA and PBE-GGA SOC has no bad gap and states are found to be at Г 

along the k-path R-Г-X-M- Г. In the case of bare PBE-GGA, no energy band gap is 

observed between the occupied valance band and the unoccupied conduction band states. 

However, when SOC is included in the band structure calculations, the conduction and 

valence states between the Г and X symmetry points reveal the typical avoided crossing 

feature. (Klintenberg et al.,2014). Fig 4.22 shows that when SOC is taken into account, 

the conduction and valence bands at the are separated from each other by 0.41 eV. while a 

fundamental band gap of 0.002 eV is present between the conduction and valence band 

along the Г-point and X-point k-path. 

 

Fig 4.21 The calculated electronic band structure diagrams of bulk unit cell of 

Ca3PbO computed without and with the inclusion of SOC interaction. 
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A comparison of the calculated electronic band structure of CPO shown in 

Fig.3(b)with the one computed using semi local [Klintenberg et al.,2014]and hybrid 

functional [Hsieh etal., 2014] shows that our PBE-GGA results predict an avoided 

crossing feature which is typical of a TI material. The differences in the electronic band 

structures of CSO computed without and with the inclusion of SOC can be understood 

from the density of states (DOS). We use the modified tetrahedron method (Blöchl et al., 

1994) for computing the total and partial DOS plots. The right panel of Fig.4.22 shows 

the calculated total DOSs for both cases. It is evident that the inclusion of SOC slightly 

shifts the valence band states to higher energies. From the partial DOS plots for PBE-

GGA+SOC calculations shown in Fig.4.22 First, the DOS at approximately −2.5and 0 eV 

mainly originate from Pb 6p orbital, with the minor contribution of Ca 3d and O 2p 

orbitals. Therefore, valance band maximum is mainly composed of Pb 6p states. On the 

other hand, the highly entangled bands between 0 and 2.5 eV mostly originate from Ca 3d 

orbitals. These observations O 2p orbitals are filled, and Pb 6p orbitals are almost 

completely filled, which is roughly consistent with 𝐶𝑎3
2+𝑃𝑏4−𝑂2−.It is noted that the 

band structure of CPO computed using PBEGGA+SOC is qualitatively similar to the one 

obtained by Kariyado and Ogata (2011and 2012) 

 

Fig 4.22 The calculated total density of states (DOS) for CPO. The (a) is the total 

DOS for CPO with and without spin orbit coupling, while the contribution of Ca-3d, 

Pb-6p, and O-2p states to the conduction and valance states around the Fermi level 

are shown in the part (b). 
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4.4.3 Intrinsic Vacancy Defects in Ca3PbO 

4.4.3.1 Structural and Magnetic Properties 

Ca3PbO has a cubic structure in which oxygen atom and metal atoms occupy face 

centered and body centered atomic sites. In the PBE-GGA optimized CPO cubic unit cell, 

the bond lengths of Ca-O and Ca-Pb bonds are 2.442 Å and 3.453 Å, respectively. With 

the inclusion of an isolated intrinsic vacancy defects in2 × 2 × 2supercell of CPO, the 

minimization of internal forces results in changes of atomic positions nearby the vacant 

site. Since a strong hybridization of Ca-3d states with Pb-6p states is evident from Fig. 

4.23, we have performed geometrical relaxation of vacancy containing supercells of CPO 

with and without spin-polarization.  

 

Table 4.11 The calculated NN distances (d) for pristine CPO along with the outward 

(+ive) and inward (-ive) movements (δd) of the atoms surrounding a vacancy site in 

the NM and FM cases. The coordination numbers and nearest neighbour rank are 

also shown. 

 

Calculation 

mode 

NN atoms 

Ca site Pb site O site 

1st 

(O×2) 

2nd 

(Pb×4) 

2nd 

(Ca×8) 

1st 

(Ca×12) 

2nd 

(O×8) 

1st 

(Ca×6) 

2nd 

(Pb×8) 

d in Pristine 

CSO 
2.442 3.453 4.883 3.453 4.229 3.453 4.229 

δd (NM) +0.166 +0.064 0 + 0.039 -0.012 -0.934 -0.005 

δd (FM) +0.166 +0.063 0 + 0.017 -0.006 -0.934 -0.005 

 

The nearest neighbour (NN) distances (d) of pristine CPO along with movement 

towards/away from the vacant site (δd) for non-magnetic (NM) and spin-polarized 

ferromagnetic (FM) calculations are listed in Table 4.11. The spin-polarized electronic 

charge densities of  Pb, O and Ca deficient CPO were calculated. It is evident from these 

plots (not shown here) that the electronic charge density of 𝑉𝐶𝑎
0 𝑎𝑛𝑑 𝑉𝑃𝑏

0 containing 

supercell of CPO (did not shown here) shows dependence on spin-polarization. Although 
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both O and Pb atoms are in negative charge state, the charge density at the vacant O site 

does not show any sensitivity to the application of spin-polarization, where equal charge 

localization is seen for both majority spin and minority spin channels.  

Comparison of movements of atoms towards and away from the vacant lattice site 

shows that the NM and FM calculations have remarkable differences only in the case of 

Pb vacancy containing supercell of CPO. On the other hand, relaxation of atomic 

positions for the O vacancy containing supercell of CPO does not show any difference. 

While for Ca vacancy containing supercell the second nearest neighbor Pb showed 

different relaxed position for NM and FM case. The difference in atomic bond lengths in 

Pb and Ca vacancy containing supercells as compared to pristine is major cause of 

ferromagnetism for both of these cases.  The calculated NM and FM total energies of Pb 

and Ca vacancy containing supercell of CPO also shows large difference as compared to 

O vacancy case (discussed below). Table. 4.11 is representing the movements of 1st and 

2nd nearest neighbors (NN) atoms towards (negative values) and away (positive values) 

and the vacancy site in non-stoichiometric CPO for both FM and NM cases. For the case 

of Ca vacancy, the 1st and 2nd NN O and Pb atoms, respectively, move outwards showing 

that both these atoms had attractive Coulomb interaction with the calcium atom. While 

for NM case the 2nd NN Pb showed large outward relaxation as compared to FM case.  As 

expected, this may case the ferromagnetic interaction for FM case of Ca vacancy 

containing super cell of CPO. while the Ca atoms 2nd NN to the vacant Ca site showed no 

variation in its position. Our calculations indicated that the magnetic moments arise from 

the unpaired 2p electrons at the O sites surrounding the Ca vacancy site, when a CaO 

bond breaks. In a similar fashion the 1st NN Ca and 2nd NN Pb atoms of the O site move 

inwards, respectively. However, the inward movement for both FM and NM cases cause 

no magnetism. The structural relaxation for NM and FM cases of Pb vacancy result in 

different relaxed atomic configurations. Although the elimination of attractive and 

repulsive interactions among the atoms show similar trends. 

Table 4.11 clearly shows that the outward/inward movement of the Ca/O atoms 

near a vacant Pb site is larger when spin-polarization is not considered. This result clearly 

suggests that a strong ferromagnetic interaction is present in Pb deficient CPO which 

might originate from the breaking of the strongly hybridization Ca-Pb bonds for both Pb 

vacancy containing supercell, while for Ca vacancy case it originate due to unpaired 2p 

electrons generate due to Ca-O bond breakage. These results are consistence with earlier 
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investigation where intrinsic vacancy defects have been observed as the origin of stable 

FM in metal oxides (Lee et al., 2013; Lee et al., 2014; Esquinazi et al., 2013).To further 

investigate the magnetic properties of intrinsic vacancy containing supercells of CPO we 

have calculated the difference of minimum total energies of NM and FM phases (ΔE =  

Enm - Efm)  along with the total, interstitial and local magnetic moments of Ca, Pb and O 

atoms (Table 4.12). The calculated value of the total magnetic moments and ΔE (in eV) 

reveal that both Ca and Pb containing supercells are FM, while O vacancy containing 

supercell of CPO is NM. It is worth pointing out here that the ΔE for O vacancy have 

been rounded to zero. However, the magnetic moment for Ca Vacancy case is negligible. 

So, the major cause of magnetism in CPO is Pb vacancy.  

Table 4.12 The total magnetic moment (MMtot) along with contributions coming 

from the interstitial and atomic magnetic moments for Ca, Pb and O vacancy 

containing 2 x 2 x 2 super cells of CSO. The energy difference, ΔE (eV), between NM 

and FM phases are also given. 

Quantity Ca23Pb8O8 Ca24 Pb7O8 Ca24Pb8O7 

MMtot (μB) 0.025 1.952 -0.000 

MMI (μB) 0.020 1.569 -0.0000 

MMCa (μB) 0.000 0.027 0.0000 

MMO (μB) 0.000 0.001 -0.0000 

MMPb (μB) 0.000 0.001 0.0000 

ΔE (eV) 0.104 0.069 0.000 

 

 

Since our calculated values of energy for NM and FM case only adopt a numerical value 

in the 5th decimal place (0.01 meV), the ΔE values are assumed to be insignificant. 

Moreover, the magnetic moments at 1st and 2nd NN atoms of the vacant Pb  and Ca  site 

show that the total magnetic moments has main contribution coming from the interstitial 

MMI. For the Pb vacancy This result can be attributed to the negative oxidation state of 

Pb in CPO that promotes the valence electrons of Ca to 3d orbitals and upon creation of 

Pb vacancy the Ca dangling bond with partially filled Ca-3d states becomes spin-

polarized. Similarly, for Ca vacancy the unpaired 2p electrons of Oxygen causes 

ferromagnetism. However, the magnitude of spin magnetic moment is too small and can 

be neglected. 



114 
 

4.4.3.2. Formation Energetics  

 

The Defect formation energy computed using DFT calculations give a reliable account of 

the possibility of realizing intrinsic and extrinsic points defects in any material. In the 

present wok we have used following equation for computing the formation energies of 

Ca, Pb and O vacancies in CPO. 

               𝛺[𝑋] = 𝐸𝑡[𝑋] − 𝐸𝑡
𝐶𝑎3𝑃𝑏𝑂

+ 𝜇𝑥                                                             (4.39) 

In Eq. 4.39  𝐸𝑡(𝑋)and𝐸𝑡
𝐶𝑎3𝑃𝑏𝑂

are the minimum total energies of a supercell 

containing X = Ca, Pb or O vacancy and pristine CPO, respectively.  𝜇𝑥 is the atomic 

chemical potential that varies according to points A, B, X, C and D shown in 

thermodynamic stability diagram. Fig. 4.24 displays the calculated defect formation 

energies for𝑉𝐶𝑎
0 ,𝑉𝑃𝑏

0 and 𝑉𝑂
0 under different growth conditions.  

 

 

Figure 4.23 The calculated formation energies of charge neutral vacancies in CPO at 

stability points A, B, X, C and D given in TSD  

 

At both points A and B the formation energy of   𝑉 𝑂
0 is smaller than 

both  𝑉𝑃𝑏
0 and𝑉𝐶𝑎

0 , while the formation energy of   𝑉𝑃𝑏
0 is found to be smaller than   𝑉𝐶𝑎

0 only 
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at the point A. This shows that oxygen vacancies are the most abundant form of intrinsic 

vacancy defects in CPO under Ca-rich condition. At points B, X, C and D  𝑉 𝐶𝑎
0 is found to 

have formation energy less than𝑉𝑃𝑏
0 , while the formation energy of   𝑉 𝐶𝑎

0 is smaller than 

that of  𝑉𝑂
0  only at point C an D.  

This suggests that charge neutral Ca vacancies can be easily incorporated in CPO 

under oxidation environment the observation of cation (Ca) vacancies under oxidation 

condition has resemblance with experimental investigation by Xing et al., (2011) in that 

investigation Zn vacancies easily introduced under oxidation environment and caused a 

stable ferromagnetism in undoped ZnO sample. As stated earlier, our calculations 

disclosed that both 𝑉𝑃𝑏
0  and 𝑉𝐶𝑎

0 vacancy in CPO lead to a stable FM phase. It is worth to 

note here that Pb vacancies can be easily incorporated under Ca rich or reduction region 

while Ca vacancies can be incorporated easily under Pb rich and oxidation region. 

Therefore, CPO can act as FM in both oxidation and reduction regime. Since 𝑉𝑃𝑏
0  are 

found to have smaller formation energies at point A and B, we propose that the realization 

magnetism in CPO could result from the O deficiency which result in the creation of Pb 

that gives birth to ferromagnetic interaction. While under oxidation condition the birth 

due to the breakage of CaO bond causes the formation of 2p electrons having parallel 

spins.  

4.4.3.3 Electronic Properties 

To understand the differences in the electronic properties of the pristine and the charge 

neutral vacancy containing CPO, as evident from DOS states, the breaking of the Ca-Pb 

and Ca-O bond gives rise to unequal majority and minority spin charge carriers for both 

Pb and Ca vacancy containing CPO supercells respectively.  For Pb vacancy case the Ca-

3d dangling bond becomes spin-polarized, giving rise to a stable FM ordering in Sn 

deficient CPO. while for Ca case the breakage of bond between oxygen and O causes to 

formation of parallel spin in 2p orbital of O. Contrary to the case of Ca and Pb vacancy, 

this large delocalization of charges from the Ca atom Fig. 4.25 does not result in any 

difference in the majority and minority spin channels. Therefore, O vacancy containing 

super cell of CPO are found to be NM. 

 Since the PBE-GGA calculations showed that the normal ordering of Ca-3d states 

and Pb-5p states for a trivial insulator are violated in CPO, this material is a potential Pb-

6p states. When a Ca vacancy is introduced into the CPO supercell, the electronic states 
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lying below the EF are shifted upwards giving rise to unoccupied anion orbitals like levels 

in the PDOS plots shown in Fig. (a). There are various other forms of crystal defects (e.g., 

interstitial, anti-site, and substitutional defects), which can give birth to a hole-doped state 

in an insulator; however, the location of EF in Fig. (a)shows that the Ca deficient CPO 

may show a p-type behavior. This finding is further supported by the recent experiential 

study by Okamoto et al. (2016) who concluded that the hole-doped nature of 

polycrystalline samples of CPO can only be assigned to non-stoichiometric originating 

from the presence of defects. The removal of a Ca atom results in the breaking of the Ca-

O and Ca-Pb bonds, which causes the anion orbitals of the upper valance band to become 

unoccupied and move up on the energy scale crossing the EF. Since the unbound O-2p 

and Pb-6p states have not equal number of majority and minority spin electrons, the 

electronic structure of Ca deficient CPO give rise spin polarization. On the other hand, the 

removal of an O atom from CSO results in the creation of a defect level that had Ca-3d 

character and is populated by an equal number of majority and minority spin electrons. 

This causes a defect level to appear in between the conduction and valence band of bulk 

CPO with a mixture of Ca-3d and Pb-6p orbitals. The delocalized nature of this defect 

level, therefore, ensures that the O vacancy gives equal majority and minority spin 

carriers as shown. Figure 4.25 clearly shows that the case of Pb vacancy also leads non-

stoichiometric CPO to spin-polarized states.  

It is worth pointing out here that it is the mixed Ca-3d and Pb-5p nature of the 

conduction and valence band, which causes the unpaired electrons to remain localized at 

the Ca-site upon creation of Pb vacancy. The significance of the majority spin electronic 

states of Pb deficient CPO can be seen in the upper part of the valence band. The spin-

polarization of these Ca-3d states in Sn vacancy containing CPO leads to a metallic nature 

majority spin channel, while an insulating character is observed for the majority spin 

channel. These results indicate the possibility of realizing room-temperature 

ferromagnetism in non-stoichiometric CPO. The spin-polarization of these Ca-3d states in 

Pb vacancy containing CPO leads to the occupied conduction band states for the majority 

spin channel. Therefore, the resulting metallic and insulating behavior can be observed 

for the majority and minority spin channels, respectively, for Pb deficient CSO. The semi-

metallic behavior of Pb deficient and p-type behavior for Ca deficient CPO with room 

temperature FM makes this material a potential candidate for the quantum computing and 

spintronic applications. 
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 Figure 4.24 The Partial electronic density  (PDOS) of states for  Pb, Ca and O 

vacancy containing super cells of CPO.The majority and minority spin 

channels are represented by up and down arrows, respectively 
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4.5 Strontium Lead Oxide Sr3PbO 

Sr3PbO (SPO), is an inverse perovskite material that crystallizes stably in the ideal cubic 

structure (space group # 221-Pm3m) with a lattice parameter of 5.15 A˚ (Widera and 

Schäfer, 1980). In which the valancy of alkaline metal and oxygen ions is +2 and −2 

respectively, while Pb attains an unusual valence of −4. Its band structure showed a band 

inversion around the Γ point between Pb 6p states and Sr 4d states causing considerable 

overlap (∼0.4 eV) of these bands.  Due to the presence of strong hybridization between p 

and d orbitals, it formed six Dirac nodes along Γ-X directions. Klintenberg et al., (2014) 

performed density functional theory (DFT) based comprehensive computational data-

mining of several materials to reveal the topological behavior of narrow band gap SPO. 

They concluded that the topological behavior of SPO originates from the spin-orbital 

coupling (SOC) of Pb. Hsieh et al., (2014) revealed the Sr3PbO is topological crystalline 

insulator protected by mirror symmetry. it belongs to the inverted regime with opposite 

orderings of d and p orbitals. 

 Wu et al., (2015) using first principle calculation demonstrated a novel 

topological material which composed of the LaCrO3 of perovskite structure grown with 

one atomic layer replaced by Sr3PbO. The composite material can support the spin-

polarized states and dissipation less edge current and no extrinsic operation is required for 

attaining the novel topological state due to spin orbit coupling and antiferromagnetic 

exchange between these two materials. Further these two materials are stable in bulk, 

which makes the composite material easy to synthesize. Samal et al., (2016) recently 

reported the experimental epitaxial growth of SPO thin films on LaAlO3. The Sr3PbO 

film revealed a metallic conduction with p-type carrier density of ∼1020cm−3. 

4.5.1 Structural Properties and the Stability Diagram of Pristine Sr3PbO 

To estimate the thermodynamic stability of a ternary compound with DFT calculations it 

is needed to compute the ground states structural properties and the respective total 

energies of the materials and its binary constituents. The chemical reaction for attaining  

stable SPO from two binary compounds is SrO + Sr2Pb → Sr3PbO.  we have calculated 

the ground state structural properties and enthalpies of formation of CPO compounds 

using GGA parameterization scheme. Table 4.13 lists the calculated structural parameters 

of Sr3PbO, SrPb, SrO and Sr2Pb along with data reported in earlier experimental studies. 

Comparison of calculated structural properties with experimental data clearly shows the 

file:///D:/phd%20thesis/Wiedra%20and%20schrefer.htm%23!
file:///D:/phd%20thesis/Wiedra%20and%20schrefer.htm%23!
file:///D:/phd%20thesis/Wiedra%20and%20schrefer.htm%23!
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traditional overestimation of lattice parameters by GGA.Table 4.13 also shows the 

calculated enthalpies of formation (ΔHf) of SrO, SrPb, Sr2Pb and SPO which have been 

obtained by solving the following equations. 

∆𝐻𝑓
𝑆𝑟𝑂 = 𝐸𝑡

𝑆𝑟𝑂 − 𝐸𝑡
𝑆𝑟 −

1

2
𝐸𝑡

𝑂2                                                                         (4.40)        

  ∆𝐻𝑓
𝑆𝑟𝑃𝑏 = 𝐸𝑡

𝑆𝑟𝑃𝑏 − 𝐸𝑡
𝑆𝑟 − 𝐸𝑡

𝑃𝑏                                                                       (4.41) 

              ∆𝐻𝑓
𝑆𝑟2𝑃𝑏 = 𝐸𝑡

𝑆𝑟2𝑃𝑏 − 2𝐸𝑡
𝑆𝑟 − 𝐸𝑡

𝑃𝑏                                                           (4.42) 

∆𝐻𝑓
𝑆𝑟3𝑃𝑏𝑂 = 𝐸𝑡

𝑆𝑟3𝑃𝑏𝑂 − 3𝐸𝑡
𝑆𝑟 − 𝐸𝑡

𝑃𝑏 −
1

2
𝐸𝑡

𝑂2                                            (4.43) 

In Eq. (4.40), (4.41), (4.42) and (4.43) 𝐸𝑡
𝑆𝑟3𝑃𝑏𝑂 , 𝐸𝑡

𝑆𝑟𝑃𝑏,𝐸𝑡
𝑆𝑟2𝑃𝑏,𝐸𝑡

𝑆𝑟𝑂,𝐸𝑡
𝑃𝑏and𝐸𝑡

𝑆𝑟are 

the minimum total energies of GGA optimized bulk unit cells of SPO, SrPb, Sr2Pb, SrO, 

Pb and Sr, respectively. On the other hand, 𝐸𝑡
𝑂2is the energy of an O2 dimer which is 

estimated using method outlined by Rogal, (2006). However, Arroyave and Liu (2006) 

have already identified this disagreement between DFT and experimental enthalpies of 

formation and have assigned the discrepancy in experimental data to partial oxidation of 

prepared samples. Since the calculated enthalpy of formation of SPO (-7.531 eV/f.u.) is 

less than the sum of enthalpies of formation of SrO (-5.476eV/f.u.) and Sr2Pb (-1.828 

eV/f.u.), the chemical reaction SrO + Sr2Pb →Sr3PbO is exothermic and confirms stable 

synthesis of this compound. Overall, the data presented in Table 4.13 validates.  

Since the knowledge of atomic chemical potential (𝜇𝑋,where X=Sr, Pb, and O) is 

vital for determining the thermodynamics stability of solids ,(Zhang and  Northup, 1991) 

we have used the calculated enthalpies of formation shown in Table 4.13 for computing 

the stability diagram of SPO. For this reason, we exploit the fact that the atomic chemical 

potential of an atomic species in its stable solid/gas phase is related to the chemical 

potential of an isolated atom by the relation given by equation 4.5  (Erthart and Albe, 

2007). For stable synthesis of CPO, the supposition of Eq. 4.5 allows us to relate the 

enthalpies of formation of SrO, SrPb Sr2Pb and SPO with the ranges of atomic chemical 

potentials as 

           ∆𝜇𝑆𝑟 + ∆𝜇𝑂 ≤ ∆𝐻𝑓
𝑆𝑟𝑂                                                                                    (4.44) 

          ∆𝜇𝑆𝑟 + ∆𝜇𝑃𝑏 ≤ ∆𝐻𝑓
𝑆𝑟𝑃𝑏                                                                                 (4.45) 
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Table 4.13. Comparison of calculated structural parameters and enthalpies of 

formation with  experimental (Expt.) data available in literature. 

 

 

System 

 

Space 

Group 

Lattice Prameter (Aᵒ) Enthalpy of Formation (eV/f.u) 

This 

work 

Expt. This 

work 

Expt. 

SrO  225, Fm3m 5.200 

5.160 

(Verbraeken 

et al.,2009) 

-5.476 -6.136 (Chase, 1998) 

SrPb 63,Cmcm 

5.085 

5.018 (Merlo 

and 

Fornasini, 

1967) 
-1.276 

  

-1.291 (Peng et al.,2015) 

 

 

12.393 12.230 

4.710 4.648 

Sr2Pb 62,Pnma 

5.085 

8.445 

(Bruzzone 

and 

Franceschi, 

1978) -1.828 -1.926 (Zhang et al.,2017) 

4.710     5.391 
 

 

12.392 10.139 

Sr3PbO 221, Pm3m 5.210 5.15 (Wiedra 

and Schefer, 

1980) -7.531 

             ____ 

 

          2∆𝜇𝑆𝑟 + ∆𝜇𝑃𝑏 ≤ ∆𝐻𝑓
𝑆𝑟2𝑃𝑏                                                                             (4.46) 

      3∆𝜇𝑆𝑟 + ∆𝜇𝑃𝑏 + ∆𝜇𝑂 = ∆𝐻𝑓
𝑆𝑟3𝑃𝑏𝑂                                                      (4.47) 

Figure 4.26 shows the calculated ranges of atomic chemical potentials (∆𝜇𝑥) of Sr, 

Pb, and O atoms, which provide information regarding the stability regions of SPO, SrO, 
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SrPb, and Sr2Pb. If SrPb is not considered a competing phase, the region enclosed inside 

A-B-F-E allows us to obtain the extreme Sr rich (∆𝜇𝑆𝑟 =0 eV) and extreme Sn-rich 

(∆𝜇𝑃𝑏 =0eV) conditions. However, it is clearly visible from Fig. 25 that only the region 

enclosed by quadrilateral A-B-C-D satisfies stable growth environments for obtaining 

SPO, while the regions enclosed by C-D-E-F give values of atomic chemical potentials 

that lead to the creation of SrPb.  

 

 

Figure 4.25 The thermodynamic stability diagram showing the valid chemical 

potentials ranges, which satisfy stable synthesis of Sr3PbO, SrO, SrPb, and Sr2Pb. 

The quadrilateral ABCD encloses the region within which Sr3PbO can be produced 

without the secondary phases SrO, SrPb, and Sr2Pb. 

 

On the other hand, the regions below the line A-E and above the line B-F give us 

the atomic chemical potentials, which satisfy stable synthesis of SrO and Sr2Pb, 

respectively. This shows that the extreme Sr rich (∆𝜇𝑆𝑟 = 0eV) condition is permissible 

for the stable growth of SPO, while the synthesis of SPO can only be realized for an 

intermediate Pb-rich condition where 𝜇𝑃𝑏 ≤–0.561 eV. Consequently, the points A/B and 



122 
 

D represent, respectively, the extreme Ca-rich and Sn-rich conditions. The point B also 

represents the extreme reduction (O-poor) condition where (𝜇𝑂 ≤-5.701 eV). Moreover, 

the Pb-poor and Sr poor conditions for stable synthesis of SPO are satisfied at point A and 

point D, respectively. It is clear from Fig.2 that the extreme oxidation (O-rich) condition 

(i.e., ∆𝜇𝑂 = 0.000 eV) and extreme Pb-rich condition (i.e., ∆𝜇𝑃𝑏 = 0.000 eV) would 

never result in the production of SPO. Hence, the stable synthesis of anti-perovskite SPO 

can only be realized under metal-rich/reduction environment. 

4.5.2 Electronic Properties of Pristine Sr3PbO 

Owing to the presence of Pb in SPO its electronic properties are strongly 

influenced by SOC interaction (Wu et al., 2016). For this reason, we first examine the 

effects of inclusion of SOC on the electronic structure of SPO. The electronic band 

structure of pristine SPO calculated using PBE-GGA and PBE-GGA+SOC along the k-

path R-Г-X-M-Г are shown in Fig. 4.27 left and right panel respectively. For the case of 

bare PBE-GGA (left panel) no energy band gap is observed between the valance band and 

conduction band states. However, when SOC is included in the band structure 

calculations the conduction and valence states between the Г and X symmetry points 

reveal the typical avoided crossing feature. Fig. 2(b) shows that when SOC is taken into 

account the conduction and valence bands at the Г-point are separated from each other by 

0.048eV, while a fundamental band gap of 2.0meV is present between the conduction and 

valence band along the Г-point and X-point k-path. The differences in the electronic band 

structures of SPO computed without and with the inclusion of SOC can be understood 

from the density of states (DOS). Top panel of Fig. 4.28 shows the calculated total DOSs 

for both cases. It is evident that the inclusion of SOC slightly shifts the conduction band 

states to higher energies. From the partial DOS plots for PBE-GGA+SOC calculations 

shown in Fig. 4.28 bottom panel the Pb-6p states are predominant in the upper valance 

band of SPO along with a minor contribution coming from the Sr-4d states. The edges of 

both the valence and conduction band states are made up of a mixed Sr-4d and Pb-6p 

contribution. These contributions suggest that the O-2p orbitals are filled, while the Pb-6p 

orbitals are partially filled. It is noted that band structure of SPO computed using PBE-

GGA+SOC is qualitatively like the one obtained by Kariyado and Ogata, (2011) and 

Hsieh et al (2014). 
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. Above results clearly suggest that a good picture of the electronic properties of 

pristine as well as vacancy defect containing SPO can be obtained from calculations 

performed with the inclusion of SOC. 

 

Figure 4.27   The calculated density of states (DOS) for SPO. right panel is the total 

DOS for SPO with and without spin orbit coupling, while contribution of Sr-4d, Pb-

6p and O-2p states to the conduction and valance states around the Fermi level are 

shown in the right panel.  

Figure 4.26 The calculated electronic band structure diagrams of bulk unit cell of Sr3PbO 

computed without and  with the inclusion of SOC interaction.  
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4.5.3 Intrinsic Vacancy Defects in Sr3PbO 

4.5.3.1. Structural and Magnetic Properties 

Sr3PbO has a cubic structure in which oxygen atom and Sr atoms occupy body 

centered and face center atomic sites respectively. In the PBE-GGA optimized SPO cubic 

unit cell, the bond lengths of Sr-O and Sr-Pb bonds are 2.605 Å and 3.684Å, respectively. 

With the inclusion of an isolated intrinsic vacancy defects in2 × 2 × 2supercell of SPO, 

the minimization of internal forces results in changes of atomic positions nearby the 

vacant site. Since a strong hybridization of Sr-4d states with Pb-6p states is evident from 

Fig. 4.28 we have performed geometrical relaxation of vacancy containing supercells of 

SPO with and without spin-polarization. The nearest neighbour (NN) distances (d) of 

pristine SPO along with movement towards/away from the vacant site (δd) for non-

magnetic (NM) and spin-polarized ferromagnetic (FM) calculations are listed in Table 

4.14. 

Table 4.14. The calculated NN distances (d) for pristine SPO along with the outward 

(+ive) and inward (-ive) movements (δd) of the atoms surrounding a vacancy site in 

the NM and FM cases. The coordination numbers for each vacancy site are also 

shown. 

 

 

Calculation mode 

NN atoms 

Sr site Pb site O site 

1st 

(O×2) 

2nd 

(Pb×4) 

2nd 

(Sr×8) 

1st 

(Sr×12) 

2nd 

(O×8) 

1st 

(Sr×6) 

2nd 

(Pb×8) 

d in Pristine SPO 2.605 3.684 5.210 3.684 4.512 2.605 4.512 

δd (NM) +0.172 +0.090 0.000 +0.053 -0.002 +0.087 -0.002 

δd (FM) +0.172 +0.090 0.000 +0.001 -0.001 +0.087 -0.002 

 

Comparison of movements of atoms towards and away from the vacant lattice site 

shows that the NM and FM calculations have remarkable differences only in the case of 

Pb vacancy containing supercell of SPO. On the other hand, relaxation of atomic 

positions for the Sr and O vacancy containing supercells of SPO does not show any 



125 
 

difference. The calculated NM and FM total energies of Pb vacancy containing supercell 

of SPO also shows large difference as compared to other two cases (discussed below). 

Table. 4.14. is representing the movements of 1st and 2nd nearest neighbors (NN) atoms 

towards (negative values) and away (positive values) and the vacancy site in non-

stoichiometric SPO for both FM and NM cases. For the case of Sr vacancy, the 1st and 2nd 

NN O and Pb atoms, respectively, move outwards showing that both these atoms had 

attractive Coulomb interaction with the strontium atom. while the Sr atoms 2nd NN 

distance to the vacant Sr site remains unchanged. 

 In a similar fashion the 1st NN Sr and 2nd NN Pb atoms of the O site move 

outward and inwards, respectively. we also analyzed the distribution of electronic charge 

with and without the presence of vacancy defects. Contrary to similar results of geometry 

optimization achieved for the Sr and O vacancies, the structural relaxation for NM and 

FM cases of Pb vacancy results in different relaxed atomic configurations. Although the 

elimination of attractive and repulsive interactions among the atoms show similar trends, 

Table 2 clearly shows that the outward/inward movement of the Sr/O atoms near a vacant 

Pb site is larger when spin-polarization is not taken into account. This result clearly 

suggests that a strong ferromagnetic interaction is present in Pb deficient SPO which 

might originate from the breaking of the strongly hybridization Sr-Pb bonds. These 

results are consistence with earlier investigation where intrinsic vacancy defects have 

been observed as the origin of stable FM in metal oxides (Lee et al., 2014). 

  For a quantitative analysis we have also computed the effective Bader chargers 

(e) (Bader, 1985). In the case of pristine SPO the effective Bader charge of Sr, Pb and O 

are found to be 1.260e, -2.259e and -1.518e respectively. The negative value of Bader 

charge for Pb confirms its unusual negative oxidation in SPO. Since the calculated Bader 

charge of O (-2) is closer to its ionic limit as compared to Pb (-4), it is inferred that the Sr-

Pb bond has a strong covalent character as compared to the Sr-O bond.  When a Sr 

vacancy is introduced in SPO, the effective Bader charges of its 1st NN O atom and 2nd 

NN Sn atom reduces to -1.499 e and -2.135e respectively. Similar results were found for 

both NM and FM cases which confirmed no overall magnetic behavior for Sr vacancy 

containing supercell of SPO. For O the effective Bader charges of its 1st NN Sr atom 

reduces to 1.028 e and for 2nd NN Sn atom remained unchanged to -2.259e. Similar 

results were found for both NM and FM cases which confirmed no overall magnetic 

behavior for O vacancy containing supercell of SPO. When a Pb vacancy is introduced in 
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SPO, the effective Bader charges of for FM case of 1st NN Sr atom and 2nd NN O atom 

reduces to 1.240 e and -1.512e respectively. while for NM case of 1st NN Sr atom reduces 

to 1.244 e and 2nd NN O atom increase to -1.519e respectively. This showed that only Pb 

vacancy c containing SPO is ferromagnetic in nature. 

To further investigate the magnetic properties of intrinsic vacancy containing 

supercells of SPO we have calculated the difference of minimum total energies of NM 

and FM phases (ΔE = Enm - Efm) along with the total, interstitial and local magnetic 

moments of Sr, Pb and O atoms (Table 4.15). The calculated value of the total magnetic 

moments and ΔE (in eV) reveal that both Sr and O containing supercells are NM, while 

Pb vacancy containing supercell of SPO is FM. It is worth pointing out here that the ΔE 

for Sr and O vacancy have been rounded to zero. Since our calculated values of energy 

for NM and FM case only adopt a numerical value in the 5th decimal place (0.01 meV), 

the ΔE values are assumed to be insignificant. Moreover, the magnetic moments at 1st 

(Sr) and 2nd (O) NN atoms of the vacant Pb site show that the total magnetic moment has 

main contribution coming from the interstitial MMI.  

Table 4.15 The total magnetic moment (MMtot) along with contributions coming 

from the interstitial and atomic magnetic moments for Sr, Pb and O vacancy 

containing 2 x 2 x 2 super cells of SPO. The energy difference, ΔE (eV), between NM 

and FM phases are also given. 

Quantity Sr23Pb8O8 Sr24Pb7O8 Sr24Pb8O7 

MMtot (μB) +0.002 +1.968 -0.000 

MMI (μB) +0.002 +1.727 +0.000 

MMSr (μB) -0.000 0.167 +0.000 

MMO (μB) +0.000 0.002 -0.000 

MMPb (μB) +0.001 +0.002 -0.000 

ΔE(meV) -0.000 +5.855 -0.000 
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This result can be attributed to the negative oxidation state of Sn in SPO that 

promotes the valence electrons of Sr to 4d orbitals and upon creation of Pb vacancy the Sr 

dangling bond with partially filled Sr-3d states becomes spin-polarized.  

4.5.3.2. Formation Energetics  

The Defect formation energy computed using DFT calculations give a reliable account of 

the possibility of realizing intrinsic and extrinsic points defects in any material. In the 

present wok we have used following equation for computing the formation energies of Sr, 

Pb and O vacancies in SPO. 

                   𝛺[𝑋] = 𝐸𝑡[𝑋] − 𝐸𝑡
Sr3𝑃𝑏𝑂 + 𝜇𝑥                                                  (4.48)

 In Eq. 4.48  𝐸𝑡(𝑋) and 𝐸𝑡
Sr𝑃𝑏𝑂are the minimum total energies of a supercell 

containing X = Sr, Pb or O vacancy and pristine SPO, respectively. 𝜇 𝑥 is  the atomic 

chemical potential that varies according to points A, B, X, C and D shown in TSD.  

 

Figure 4.28 The calculated formation energies of charge neutral vacancies in SPO at 

stability points A, B, X, C and D given in TSD 
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Fig. 4.28 displays the calculated defect formation energies for 𝑉𝑆𝑟
0 ,𝑉𝑃𝑏

0 and𝑉𝑂
0 under 

different growth conditions. At both points A and B the formation energy of 𝑉𝑂
0is smaller 

than both 𝑉𝑃𝑏
0 and𝑉𝑆𝑟

0 , while the formation energy of 𝑉𝑃𝑏
0 is found to be smaller than𝑉𝑆𝑟

0 only 

at the point A. This shows that oxygen vacancies are the most abundant form of intrinsic 

vacancy defects in SPO under Sr-rich condition. At points B, X, C and D 𝑉𝑆𝑟
0 is found to 

have formation energy less than 𝑉𝑃𝑏
0 , while the formation energy of 𝑉𝑆𝑟

0 is smaller than that 

of 𝑉𝑂
0only at D. This suggests that charge neutral Sr vacancies can be easily incorporated 

in SPO under oxidation environment. As stated earlier, our calculations disclosed that 

only the  𝑉𝑃𝑏
0 vacancy in SPO lead to a stable FM phase. Since  𝑉𝑃𝑏

0 are found to have 

smaller formation energies at point A and B, we propose that the realization magnetism in 

SPO could result from the O deficiency which result in the creation of Pb that gives birth 

to ferromagnetic interaction. 

4.5.3.3. Electronic properties  

Fig. 4.29 displays the calculated spin-polarized partial DOS plots of intrinsic 

vacancy defect containing supercells of SPO with the inclusion of spin orbit coupling. 

Comparison of DOS presents for the pristine SPO and that shown that in case of 𝑉𝑆𝑟
0  the 

upper valence band crosses the Fermi level, giving rise to a p-type nature to SPO. As 

discussed earlier, the incorporation of Sr vacancy results in removal of electrons from the 

occupied anion orbitals of the valance band. Therefore, the charge densities of 

neighboring O and Pb atoms become localized, which causes the unoccupied states in the 

upper valence band to move towards positive energy values. whereas the removal of an O 

atom from SPO results in breaking of the Sr–O bond. Since the effective Bader charges of 

neighboring Pb and O atoms do not show large changes upon creation of 𝑉𝑂
0the charge 

density of Sr atoms surrounding the oxygen vacancies become highly delocalized.  

As obvious from Fig. 4.30 the delocalization of Sr charge density upon 

introduction of an oxygen vacancy results in the creation of an occupied defect level 

between the CBM and VBM which is predominantly made up of Pb-6p and Sr-4d 

orbitals. The delocalized nature of charge in case of oxygen vacancy defect is, therefore, 

responsible for equal majority and minority spin carriers, no spin polarization. The strong 

covalent nature of the Sr–Pb bond (as evident from the calculated. effective Bader 

charges) emerges from the p–d hybridization (Hugosson et al., 2011). On the introduction 
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of Pb vacancy in SPO the charge in the defective super cell is redistributed in such visible 

in the partial DOS plots of Pb deficient SPO where an occupied defect level 

predominantly made up of Sr-4d orbitals appears in the majority spin channel, while the 

same orbital contributions are unoccupied and positioned above the EF for minority spin 

channel. The spin-polarization of Pb vacancy containing SPO leads to a metallic nature 

for the majority spin channel, while an insulating character is achieved for the minority 

spin channel. 
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Figure 4.29 Spin polarized partial DOS for Sr,  Pb and  O vacancy containing super 

cells of SPO. The results have been obtained with the inclusion of spin orbit coupling 

and the majority and minority channels are plotted together in an inverted manner.  
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4.6 Barium Lead Oxide Ba3PbO 

The crystal structure of Ba3PbO belongs to the space group Pm3̅m and is an inverse 

perovskite that possesses an O atom surrounded octahedrally by Ba atoms. Ba3PbO, were 

first synthesized in 1980 by Widera and Schafer. It was theoretically proposed as 

candidate materials having the 3D Dirac fermion with a tiny mass gap exactly at the 

Fermi energy (Kariyodo and Ogata, 2011). Klintenberg et al., (2014) performed density 

functional theory (DFT) based comprehensive computational data-mining of several 

materials to reveal the topological behavior of narrow band gap BPO. They concluded 

that the topological behavior of BPO originates from the spin-orbital coupling (SOC) of 

Pb and the metallic surface states which are comparable to Dirac cones in graphene. 

Furthermore, it was also theoretically suggested that Ba3PbO is a potential topological 

crystalline insulator (Hsieh et  al.,2014). 

However, it is important to point out here that the complexity of the electronic 

structure of BPO around the Fermi level (EF) has resulted in conflicting determination of 

its TI nature. However, a first-principles analysis of the role of the intrinsic vacancy 

defects in the thermodynamic, electronic, and magnetic properties of BPO could allow 

future experimental studies to correlate the unusual properties of BPO with stoichiometry. 

Therefore, in the present study, we focus on evaluating the thermodynamics of the 

intrinsic vacancy defects in BPO and explore the effects of stoichiometry on the 

electronic and magnetic properties of this compound. 

4.6.1 Structural Properties and the Stability Diagram of Pristine 

Ba3PbO  

To estimate the thermodynamic stability of a ternary compound using DFT, it is 

needed to compute the ground states structural properties and the corresponding total 

energies of the materials and its competing binary phases. As the simplest chemical 

reaction for obtaining BPO from two binary compounds is BaO + Ba2Pb → Ba3PbO, we 

have calculated the ground state structural properties and enthalpies of formation of these 

three compounds using GGA scheme. Additionally, the structural and thermodynamics 

properties of binary CaSn are also computed as it plays a significant role in confining the 

chemical potential limits of Ba, Pb and O for stable synthesis of BPO (as discussed 

below). Table 4.16 lists the calculated structural parameters of BPO, BaO, BaPb and 
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Ba2Pb along with data reported experimental studies. Comparison of our calculated 

structural properties with experimental data clearly shows the usual overestimation of 

lattice parameters by GGA. Table 4.16 also shows the calculated enthalpies of formation 

(ΔHf) of BaO, BaPb, Ba2Pb and BPO which have been obtained by solving the following 

equations.  

∆𝐻𝑓
𝐵𝑎𝑂 = 𝐸𝑡

𝐵𝑎𝑂 − 𝐸𝑡
𝐵𝑎 −

1

2
𝐸𝑡

𝑂2                                                           (4.49)    

∆𝐻𝑓
𝐵𝑎𝑃𝑏 = 𝐸𝑡

𝐵𝑎𝑃𝑏 − 𝐸𝑡
𝐵𝑎 − 𝐸𝑡

𝑃𝑏                                                           (4.50) 

∆𝐻𝑓
𝐵𝑎2𝑃𝑏 = 𝐸𝑡

𝐵𝑎2𝑃𝑏 − 2𝐸𝑡
𝐵𝑎 − 𝐸𝑡

𝑃𝑏                                                      (4.51) 

∆𝐻𝑓
𝐵𝑎3𝑃𝑏𝑂 = 𝐸𝑡

𝐵𝑎3𝑃𝑏𝑂 − 3𝐸𝑡
𝐵𝑎 − 𝐸𝑡

𝑃𝑏 −
1

2
𝐸𝑡

𝑂2                                     (4.52) 

In Eq. (4.49), (4.50), (4.51) and (4.52) 𝐸𝑡
𝐵𝑎3𝑃𝑏𝑂 , 𝐸𝑡

𝐵𝑎𝑃𝑏,𝐸𝑡
𝐵𝑎2𝑃𝑏,𝐸𝑡

𝐵𝑎𝑂,𝐸𝑡
𝑃𝑏and𝐸𝑡

𝐵𝑎 

are the minimum total energies of GGA optimized bulk unit cells of BPO, BaPb, Ba2Sn, 

BaO, Pb and Ba, respectively. On the other hand, 𝐸𝑡
𝑂2is the energy of an O2dimer which 

is obtained using the procedure outlined in Ref. (Rogal, 2006).  Comparison of the 

calculated ΔHf values for BaPb and Ba2Pb shown in Table 4.16 suggests that DFT results 

are hugely underestimated as compared to experiment. However, Arroyave and Liu 

(2006) have already identified this disagreement between DFT and experimental 

enthalpies of formation and have assigned the discrepancy in experimental data to partial 

oxidation of prepared samples(Ohno et al.,2006) which is also known to produce 

erroneous enthalpies of formation. Since the calculated enthalpy of formation of BPO (-

7.241 eV/f.u.) is less than the sum of enthalpies of formation of BaO (-5.077 eV/f.u.) and 

Ba2Pb (-1.37 eV/f.u.), the chemical reaction BaO + Ba2Pb →Ba3PbO is exothermic and 

confirms stable synthesis of this compound. Overall, the data presented in Table 4.16 

validates. 
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Table 4.16 Comparison of calculated structural parameters and enthalpies of 

formation with experimental (Expt.) data available in literature. 

 

 

System 

 

Space 

Group 

Lattice Parameter Aᵒ Enthalpy of Formation 

(eV/f.u)  (eV/f.u) 

This work Expt. This 

work 

Expt. 

BaO 
 225, 

Fm3m 
5.593 

5.536 (Elo et 

al.,1973) 
-5.077 

      −6.032 

  (Raleigh et al.,1950) 

BaPb 63,Cmcm 

10.195 
9.038 (Guttsche et 

al., 2006 
-1.283 

 

-1.561 (McKisson and 

Bromley,1950) 10.195 9.038 

12.722 16.843 

Ba2Pb 
62,Pnma 

 

9.251 
8.651 (Guttsche et 

al., 2006) 

-1.37 
    -3.04 (Gale and    

Totemeir,2004) 4.979 5.691 

11.929 10.618 

Ba3PbO 221, 

Pm3m 

5.536 5.459 (Widera and 

Schäfer, 1980) 

-7.241 --------- 

 

Since the knowledge of atomic chemical potential (𝜇𝑋,where X=Ba, Pb, and O) is 

vital for determining the thermodynamics stability of solids (Zhang and Northup, 1991). 

we have used the calculated enthalpies of formation shown in Table 4.16 for computing 

the stability diagram of BPO. For this reason, we exploit the fact that the atomic chemical 

potential of an atomic species in its stable solid/gas phase is related to the chemical 

potential of an isolated atom by the relation 4.5  (Erthart and Albe, 2007).For stable 

synthesis of BPO, the supposition of Eq. 5 allows us to relate the enthalpies of formation 

of BaO, Ba2Pb and BPO with the ranges of atomic chemical potentials as 

file:///D:/phd%20thesis/Wiedra%20and%20schrefer.htm%23!
file:///D:/phd%20thesis/Wiedra%20and%20schrefer.htm%23!
file:///D:/phd%20thesis/Wiedra%20and%20schrefer.htm%23!
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∆𝜇𝐵𝑎 + ∆𝜇𝑂 ≤ ∆𝐻𝑓
𝐵𝑎𝑂                                                                        (4.53) 

2∆𝜇𝐵𝑎 + ∆𝜇𝑃𝑏 ≤ ∆𝐻𝑓
𝐵𝑎2𝑃𝑏                                                                    (4.54) 

∆𝜇𝐵𝑎 + ∆𝜇𝑃𝑏 ≤ ∆𝐻𝑓
𝐵𝑎𝑃𝑏                                                                       (4.55) 

3∆𝜇𝐵𝑎 + ∆𝜇𝑃𝑏 + ∆𝜇𝑂 = ∆𝐻𝑓
𝐵𝑎3𝑃𝑏𝑂                                                          (4.56) 

Fig. 4.30 shows the calculated ranges of atomic chemical potentials (∆𝜇𝑋) of Ba, 

Pb, and O atoms, which provide information regarding the stability regions of BPO, BaO, 

BaPb, and Ba2Pb. If BaPb is not considered a competing phase, the region enclosed inside 

A-B-F-E allows us to obtain the extreme Ba rich (∆𝜇𝐵𝑎 =0 eV) and extreme Pb-rich 

(∆𝜇𝑃𝑏 =0eV) conditions.  

 

Figure 4.30 The thermodynamic stability diagram showing the valid chemical 

potentials ranges, which satisfy stable synthesis of Ba3PbO, BaO, BaPb, andBa2Pb. 

The quadrilateral ABCD encloses the region within which Ba3PbO can be produced 

without the secondary phases BaO, BaPb, and Ba2Pb.  
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However, it is clearly visible from Fig. 4.30 that only the region enclosed by 

quadrilateral A-B-C-D satisfies stable growth environments for obtaining BPO, while the 

regions enclosed by C-D-E-F give values of atomic chemical potentials that lead to the 

creation of BaPb. On the other hand, the regions below the line A-E and above the line B-

F give us the atomic chemical potentials, which satisfy stable synthesis of BaO and 

Ba2Pb, respectively. This shows that the extreme Ba rich (∆𝜇𝐵𝑎 = 0eV) condition is 

permissible for the stable growth of BPO, while the synthesis of BPO can only be realized 

for an intermediate Pb-rich condition where 𝜇𝑃𝑏 ≤–0.74 eV. Consequently, the points 

A/B and D represent, respectively, the extreme Ba-rich and Pb-rich conditions. The point 

B also represents the extreme reduction (O-poor) condition where (𝜇𝑂 ≤-5.411 eV. 

Moreover, the Pb-poor and Ba poor conditions for stable synthesis of BPO are satisfied at 

point A and point D, respectively. It is clear from Fig. 4.31 that the extreme oxidation (O-

rich) condition (i.e., ∆𝜇𝑂 = 0.000 eV) and extreme Pb-rich condition (i.e., ∆𝜇𝑃𝑏 = 0.000 

eV) would never result in the production of BPO. Hence, the stable synthesis of inverse 

perovskite BPO can only be realized under metal-rich/reduction environment. 

4.5.2. Electronic properties of pristine Ba3PbO 

Owing to the presence of Pb in BPO, its electronic properties are strongly influenced by 

SOC interaction. For this reason, we first examine the effects of inclusion of SOC on the 

electronic structure of BPO. The electronic band structure of pristine BPO calculated 

using bare PBE-GGA and PBE-GGA SOC along the k-path R-Г-X-M-U are shown in 

Figs. 4.32 left and right panels. However, when SOC is included in the band structure 

calculations, the conduction and valence states between the Г and X symmetry points 

reveal the typical avoided crossing feature (Klintenberg et al., 2014). Right panel of fig 

4.32 shows that when SOC is considered, the conduction and valence bands at the are 

separated from each other by 0.16 eV, while a fundamental band gap of 5.2 meV is 

present between the conduction and valence band along the Г-point and X-point k-path. 

Our calculated band structure for BPO has resemblance with one   computed by Hsieh et 

al., (2014) respectively. In the case of bare PBE-GGA no energy band gap is observed 

between the occupied valance band and the unoccupied conduction band states. Our PBE-

GGA results showed an avoided crossing feature at Г-point and X-point, which confirms 

the BPO, is a TI material. The differences in the electronic band structures of BPO 
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computed without and with the inclusion of SOC can be understood from the density of 

states (DOS).  

 

 

We used the modified tetrahedron method (Blöchl et al.,1994)for computing the 

total and partial DOS plots. The Fig.4.31 shows the calculated total DOSs for both cases. 

It is evident that the inclusion of SOC slightly shifts the valence band states to higher 

energies. From the partial DOS plots for PBE-GGA+SOC calculations shown in Fig.4.33, 

the Pb-6p states are principal in the upper valance band of BPO along with a minor 

contribution coming from the Ba-5d states. The edges of both valence and conduction 

band states are made up of a mixed Ba-5d and Pb-5p contribution and while conduction 

band minima is mainly composed of Ba(5d) states. The earlier results clearly suggest that 

a good picture of the electronic properties of the pristine as well as the vacancy defect 

containing BPO can be obtained from the calculations performed with the inclusion of 

SOC. 

Figure 4.31. The calculated electronic band structure diagrams of bulk unit cell of 

Ba3PbO computed (a) without and (b)with the inclusion of SOC interaction. 
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Figure 4.32 The calculated density of states (DOS) for BPO. The left panel (a) is the 

total DOS for BPO with and without spin orbit coupling, while the contribution of 

Ba-5d, Pb-6p, and O-2p states to the conduction and valance states around the 

Fermi level are shown in the right panel (b). 

 

4.6.3. Intrinsic vacancy defects in Ba3PbO 

4.6.3.1 Structural and magnetic properties 

Ba3PbO has a cubic structure in which the oxygen atom and the Ba atoms at  (0.5, 0.5,0.5) 

and face centered  atomic sites. In the PBE-GGA optimized BPO cubic unit cell, the bond 

lengths of Ba-O and Ba-Pb bonds are 2.768 A˚ and 3.915 Aᵒ, respectively. With the 

inclusion of an isolated intrinsic vacancy defects in 2x2x2 supercell of BPO, the 

minimization of internal forces results in changes of atomic positions nearby the vacant 

site. Since a strong hybridization of Ba-5d states with Pb-6p states is evident from 

Fig.4.33, we have performed geometrical relaxation of vacancy containing supercells of 

BPO with and without spin-polarization. The nearest neighbour (NN) distances (d) of 

pristine BPO along with movement towards/away from the vacant site (δd) for non-

magnetic (NM) and spin-polarized ferromagnetic (FM) calculations are listed in Table 

4.17. The comparison of movements of atoms towards and away from the vacant lattice 

site shows that the NM and FM calculations have remarkable differences only in the case 

of Pb vacancy containing supercell of BPO. On the other hand, the relaxation of atomic 

positions for the Ba vacancy showed both first NN and 2nd NN moved outward  while 3rd 

NN distance remained invariant. While for Ba vacancy containing Supercell the first NN 

Pb moved out ward for both FM and NM cases due to the absence of force of attraction 
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between Ba vacancy and Pb anion. The second NN for Ba vacancy containing supercells 

of BPO move inward, this showed the outward movement of first NN causes a decrease 

in bond length between first NN and 2nd NN.  

The outward and inward movement of FM and NM cases for Ba vacancy 

containing supercells is approximately similar which give showed that both FM and NM 

cases will behave similarly. Table 4.17 clearly shows that the outward/inward movement 

of the Ba/Pb atoms near a vacant O site is larger when spin-polarization is not taken into 

account. Since the only difference between the two modes of calculations is the use of 

spin-polarization, the smaller δd values for the spin-polarized case can be assigned to the 

correct treatment of the exchange interaction, which attempts to increase the distance 

between the electronic wave functions of the occupied atomic sites by confining the 

movements of 1st and 2nd NN atoms as compared to the NM case( Griffiths, 2004).This 

result clearly shows that a strong exchange interaction is present in Pb deficient CSO, 

which might originate from the breaking of the strongly hybridization Ba-Pb bonds. 

Furthermore, it can be considered that upon the creation of O vacancy the Ba dangling 

bond with partially filled Ba-5d states becomes spin-polarized. 

Table 4.17 The calculated NN distances (d) for the pristine BPO along with the 

outward (+ive) and inward (–ive) movements (dd) of the atoms surrounding a 

vacancy site in the NM and FM cases. The nearest neighbor rank and the 

coordination numbers are also shown. 

Calculation 

mode 

NN atoms 

Ba site Pb site O site 

1st 

(Ox2) 

2nd 

(Pbx4) 

2nd 

(Bax8) 

1st 

(Bax12) 

2nd 

(Ox8) 

1st 

(Bax6) 

2nd (Pbx8) 

d in Pristine 

BPO 

2.768 3.915 5.537 3.915 4.795 2.768 4.795 

δd(NM) +0.174 +0.132 0.000 +0.088 -0.025 +0.166 -0.017 

δd(FM) +0.167 +0.132 0.000 +0.087 -0.025 +0.140 -0.008 



139 
 

The Bader charge of  Ba, Pb, and O is about 1.129e , -1.936e, -1.445e respectively. For 

𝑉𝑃𝑏
0   case the Bader charge of 1st NN (Ba) is decrease to 1.098 e while minor increase to -

1.449e is observed for 2nd NN (O) for both FM and NM cases. The changes of Bader 

charge 1st NN showed that the breakage of Ba2Pb bond strongly causes the delocalization 

the reduction of Bader charge of  1st  NN and the charge is localized to 2nd NN. However, 

no overall magnetism is found for lead vacancy case.  The effective Bader charges of 1st 

NN O atom (-1.452e) and 2nd NN Pb atom (-1.856e) for both FM and NM cases of BPO.  

The effective Bader charge of 2nd NN Pb atom shows large reduction in case of Ba 

vacancy as compared to the Bader charge of 1st NN O atom which showed an increase in 

Bader charge, therefore an anion-orbital like defect level with Pb-6p character would 

appear in the band structure of Ba deficient BPO. In this case Ba Bader charge gave 

electronic states which arranged them in such manner that there are no resultant magnetic 

moments.  

For 𝑉𝑂
0 (FM) case the Bader charge of 1st NN (Ba) is decrease to 0.844e while 

minor decrease is observed for 2nd NN Pb(-1.914e). The significant reduction of Bader 

charge 1st NN shows that the breakage of BaO bond strongly causes the delocalization of 

charge around Ba and transfer towards the  𝑉𝑂
0 site, the reduction of Bader charge of 1st  

NN give rise magnetic ordering around the vacancy site as well as in interstitial region in 

case of O vacancy containing supercell of BPO. Similar behavior is observed for 𝑉𝑂
0  

(NM) case, but in this case the reduction of Ba Bader charge gave electronic states which 

arranged them in such manner that there is no resultant magnetic moment. 

The spin-polarized electronic charge densities of Pb, O and Ba deficient BPO 

were calculated. It is evident from these plots (not shown here) that only the electronic 

charge density of 𝑉𝑂
0containing supercell of BPO shows dependence on spin polarization. 

Although both Ba and Pb atoms sites did not show any sensitivity to the application of 

spin-polarization. Therefore, similar behavior is seen for both majority spin and minority 

spin. 

Moreover, we found that only oxygen vacancy containing Ba3PbO is only stable 

ferromagnetically. To further investigate the magnetic properties of the intrinsic vacancy 

containing supercells of BPO, we have calculated the difference of the minimum total 

energies of NM and FM phases (ΔE=Enm-Efm) along with the total, interstitial, and local 

MM of Ba, Pb, and O atoms (Table 4.18). The calculated value of the total magnetic 
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moments and ΔE (in meV) reveal that Ba and Pb vacancy containing supercells are NM, 

and FM respectively. However, the total magnetic moment is too negligible in case of Pb 

vacancy having no worth. While O vacancy containing supercell of BPO is FM.   

 In fact, our calculated values of the positive and negative magnetic moments 

(MM), respectively, at the occupied Ba and Pb sites (Table 4.18) around an O vacancy 

suggest that a ferromagnetic interaction exists between the Ba-5d and O-2p orbitals. 

Charge redistribution in the interstitial region is occurred due to the introduction of O 

vacancy. These results are consistent with the earlier investigation where the intrinsic 

vacancy defects have been observed as the origin of the stable FM in metal oxides 

(Santara et al., 2013; Zhan et al., 2012 ; Chang et al.,2012). It is worth pointing out here 

that the ΔE for Ca has been rounded to zero. Since our calculated values of energy for 

NM and FM case only adopt a numerical value in the 5th decimal place (0.01 meV), the 

ΔE values are assumed to be insignificant. Moreover, the magnetic moments at 1st (Ba) 

and 2nd (Pb) NN atoms of the vacant O site show that the total magnetic moments have a 

main contribution coming from the interstitial MMI.  

Table 4.18 The total magnetic moment (MMtot) along with contributions coming 

from the interstitial and atomic magnetic moments for Ba, Pb and O vacancy 

containing 2 x 2 x 2 super cells of BPO. The energy difference, ΔE (eV), between NM 

and FM phases are also given. 

Quantity Ba23Pb8O8 Ba24Pb7O8 Ba24Pb8O7 

MMtot 0.001 +0.047 +1.021 

MMI 0.001 +0.043 +0.878 

MMBa -0.000 -0.000 +0.018 

MMO -0.000 +0.000 -0.000 

MM Pb 0.001 +0.043 -0.000 

ΔE(meV) -0.038 1.281 134.168 
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4.6.3.2 Formation energetics 

The defect formation energy computed using DFT calculations give a reliable 

account of the possibility of realizing the intrinsic and extrinsic point defects in any 

material (Hua et al.,2013)In the present wok, we have used the following equation for 

computing the formation energies of Ba, Pb, and O vacancies in BPO (Chris G and 

Neugebauer, 2004) 

          𝛺[𝑋] = 𝐸𝑡[𝑋] − 𝐸𝑡
𝐵𝑎3𝑃𝑏𝑂

+ 𝜇𝑥                                                             (4.57) 

In Eq. (4.57) Et [X] and 𝐸𝑡
𝐵𝑎3𝑃𝑏𝑂

are the minimum  total energies of a supercell 

containing Ba, Pb or O vacancy and the pristine supercell of BPO, respectively. µx is the 

atomic chemical potential that varies according to points A,B, X, C, and D shown in 

Fig.4.33 

 

Figure 4.33 The calculated formation energies of charge neutral vacancies in BPO at 

stability points A, B, X, C and D given in TSD 

 

 

 



142 
 

4.6.3.3.  Electronic properties 

 The introduction of vacancy to the supercell of BPO considerably affect the 

partial DOS as compared to pristine. The introduction of 𝑉𝐵𝑎
0  vacancy to the 2x2x2 

supercell of BPO causes the downward movement of Fermi level. This shows that the 

breakage of Ba-Pb bond causes the unoccupied states near the V.B maximum so Fermi 

level moved downward. The Ba deficient BPO may show a p-type behavior. While for 

𝑉𝑃𝑏
0  the braekage of Ba2Pb bond causes the delocalization of Ba atoms charge in such way 

that it introduced a defect level with Pb anionic nature near the valance band. Therefore, 

an upward movement of V.B is observed for 2x2x2 supercell of BPO containing Pb 

vacancy. Therefore, Pb vacancy containing BPO is showed n-type behavior. We noted 

that the introduction of the 𝑉𝑂
0 in the 2x2x2 supercell of BPO. Significantly reduced the 

Ba electronic density of states below the Fermi level the decrease in Ba charge density 

also observed by bader charge analysis further it is noted that the electron density for O is 

increase for spin down case near the Fermi-level. This reduction is electronic DOS of Ba 

and increase for O can be considered due to the transfer of electronic charge from Ba to O 

vacancy and interstitial region ( as discussed earlier). Which causes the spin polarization 

of DOS and resultant ferromagnetic behavior is found for O vacancy containing supercell 

of BPO. 
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Figure 4.34 Spin polarized partial DOS for  Ba, Pb and  O vacancy containing 

supercells of BPO. The results have been obtained with the inclusion of spin orbit 

coupling and the majority and minority channels are plotted together in an inverted 

manner.  
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4.7 Discussions 

We presented the thermodynamic, structural, electronic, and magnetic properties of the 

pristine as well as the intrinsic vacancy defects containing CSO, SSO, BSO, CPO, SPO 

and BPO. The calculations were performed using the FP-LAPW method and the effects 

of the spin-polarized on the calculated properties were evaluated to study the magnetic 

properties of the non-stoichiometric CSO, SSO, BSO, CPO, SPO and BPO. The 

thermodynamic stability diagram presented in this work provides valid limits of the 

atomic chemical potentials of Ca, Sr, Ba, Pb Sn, O and for these inverse perovskite 

compound. The enthalpy of formation for Ca3SnO was found to be greater than both 

Sr3SnO and Ba3SnO.  Which showed that Ca3SnO is the most stable compound in A3SnO 

series the order of stability is found Ca3SnO > Sr3SnO > Ba3SnO. While the volume of 

unit cell of Ca3SnO smaller than both Sr3SnO and Ba3SnO.  

 

Figure 4.35 Variation of enthalpy of formation for A3SnO and A3PbO (A=Ca, Sr 

and Ba) compounds 

This showed that smaller the size of unit cell lager the stability of the compound 

under consideration. The enthalpy of formation for Ca3PbO was found to more negative 

than both Sr3PbO and Ba3PbO.Which shows that Ca3PbO is found most stable compound 

in A3PbO series the order of stability is found Ca3PbO > Sr3PbO > Ba3PbO. While the 

volume of unit cell of Ca3PbO smaller than both Sr3PbO and Ba3PbO. Which shows that 

smaller the size of unit cell larger the stability of the compound under consideration.  
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We noted that the enthalpy of formation of Ca3SnO is more negative than Ca3PbO 

and the volume of Ca3SnO is smaller as compared to Ca3PbO. The larger volume of CPO 

is because of inclusion of Lead instead of Sn. Smaller volume of Ca 3SnO makes its more 

stable as compared to Ca3PbO. Moreover, the enthalpy of formation of Pristine Sr3SnO is 

found more negative than Sr3PbO and the volume of Sr3SnO is smaller as compared to 

Sr3PbO. The larger volume of SPO is because of inclusion of Pb instead of Sn. Smaller 

volume of Sr3SnO makes its more stable as compared to Sr3PbO. Similarly, the enthalpy 

of formation of pristine Ba3SnO is found more negative than Ba3PbO and the volume of 

Ba3SnO is smaller as compared to Ba3PbO. The larger volume of BPO is because of 

inclusion of Lead instead of Sn. Smaller volume of Ba 3SnO made it more stable as 

compared to Ba3PbO. As displayed in Fig 4.35 the variation of thermodynamic stability 

of both A3SnO and A3PbO compounds (A=Ca, Ba and Sr). 

 Using formation energy analysis found that in CSO the charge neutral tin and 

oxygen vacancies can be easily formed under Ca-rich condition, while the Ca vacancy is 

found to be favored at the permissible Sn-rich condition. For SSO the calculated 

formation energies showed that O and Sn vacancies have low formation energies under 

O-poor and Sn-poor conditions, respectively, while Sr vacancy is found to be the most 

stable form of neutral intrinsic vacancy defect under O-rich condition. For BSO it was 

noted the both Ba and Sn vacancy can be introduced under reduction condition. For CPO 

the Ca and Pb vacancy can be introduce under reduction and oxidation conditions 

respectively.  

For SPO The Pb vacancy can be easily formed under reduction condition and Sr 

vacancy could be introduced easily under oxidations conditions. Lastly the calculated 

formation energies for BPO showed that O and Pb vacancies have low formation energies 

under O-poor and Pb-poor conditions, respectively, while Ba vacancy was found to be the 

most stable form of neutral intrinsic vacancy defect under O-rich condition. Moreover, 

using formation energy analysis, we noted that Ca vacancy has large formation energy in 

CSO as compared to Sr in SSO and Ba in BSO. Which shows that Ca2Sn and CaO bonds 

in CSO are stronger as compared to Sr2Sn, SrO bond in SSO and Ba2Sn, BaO bonds in 

BSO.  Further formation energy analysis showed that Ca vacancy has large formation 

energy in CPO as compared to Sr in SPO and Ba in BPO. Which shows that Ca2Pb and 

CaO bonds in CPO are stronger as compared to Sr2Pb, SrO bond in SPO and Ba2Pb, BaO 

bonds in BPO.  
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 Fig 4.36  Shows the variation of total magnetic moment for Ca3SnO, Sr3SnO,Ba3SnO, 

Ca3PbO, Sr3PbO and Ba3PbO, (a) left panel of figure is displaying the variation of total 

spin magnetic moment for A3SnO and A3PbO series (where A=Ca/Ba/ Sr), From the left 

panel of figure at can be easily predicted that is MMspin (total) Ca3SnO > MMspin(total) Sr3SnO 

> MMspin (total) Ba3SnO, Similarly for  A3PbO series  MMspin (total) Ca3PbO > MMspin(total) 

Sr3PbO > MMspin (total) Ba3PbO. Further   A3PbO compounds have MMspin (total) greater than 

A3SnO compounds. In the right panel of the figure we displayed the variation of total 

magnetic moment when the effect of orbital momentum of electron on total magnetic 

moment is also included, in other words the right panel of figure is representing the effect 

of spin orbit coupling on total magnetic moment. it is important to note that inclusion of 

orbital magnetic moment reduced the total magnetic moment for Ca3SnO, Ba3SnO, 

Sr3PbO and Ba3PbO, which shows that for these compounds spin and orbital angular 

momentum are aligned anti-parallel to each other. While for all the other compounds the 

total angular momentum increases with the inclusion of SOC which represents that total 

spin and orbital angular moments are parallel for Sr3SnO and Ca3PbO 

 

Figure 4.36 Variation of  total magnetic moment for A3SnO and A3PbO (a) without 

spin orbit coupling (b) with spin orbit coupling x-axis is representing the 

substitution of the A= Ca/ Sr/Ba  for A3SnO and A3PbO 

 

The Sn vacancy was found a major cause of magnetism in CSO and SSO both 

showed semi-metallic behavior. While for BSO the major cause of magnetism was O 

vacancy.  Total magnetic moment ordering for this series is MM (total) CSO > MM (total) 

SSO > MM(total) BSO. However, the BSO supercell is found to more stable 

ferromagnetically than CSO and SSO.  
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The band gap in case of pristine A3PbO and A3SnO with the inclusion of spin 

orbit coupling is presented in table. The Pristine band structure for both CSO and SSO 

showed the topological behavior while BSO was found to metallic. The metallic nature of 

BSO is due to the presence of Ba 5d orbital or lager valance charge concentration for Ba. 

The Pristine Bond structure for both CPO and SPO showed the topological behavior 

while BPO was also found topological insulator. The topological nature of BPO is due to 

the presence of heavy elemental Pb which give rise strong spin orbit coupling and 

respective larger band gap as compared to BSO.  

As shown in table 4.19 the larger band gap for CPO as compared to CSO is due to 

increase of spin orbit coupling strength with the increase of atomic number. Due to 

increase in strength of spin orbit coupling intensify the level splitting therefore respective 

band gap increases. Both of CPO and CSO showed topological behavior. Similarly, for 

the pristine Sr3PbO has band gap greater than Sr3SnO. This larger band gap for SPO as 

compared to SSO is also due to increase of spin orbit coupling strength with the increase 

of atomic number. Due to increase in strength of spin orbit coupling intensify the level 

splitting therefore respective band gap increases. Both of SPO and SSO showed 

topological behavior. 

Table 4.19 The band gap for A3SnO and A3PbO series after the inclusion of spin 

orbit coupling and the vacancy that introduced ferromagnetism in deficient 

supercell of A3SnO and A3PbO series (A=Ca, Sr and Ba) 

Compound Ca3SnO Sr3SnO Ba3SnO Ca3PbO Sr3PbO Ba3PbO 

Pristine GGA Band 

gap (with spin orbit 

coupling) eV 

0.210 0.316 0.00 0.410 0.480 0.16 

Vacancy major 

cause of magnetism 

in supercell 

Sn Sn O Pb Pb O 

 

The O vacancy is the major cause of room temperature ferromagnetism in BSO 

and BPO respectively. While BSO supercell is found to be more stable ferromagnetically 

than BPO supercell also total Magnetic moment for BSO is greater than BPO. The 

formation energy of Pb in BPO is equal to formation energy of Sn in BSO. This shows 

that BPO can be considered better ferromagnetic than BSO. 
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Chapter 5 

 

Summary 

 

 

 

Recently Lead and Tin based inverse perovskite oxides A3BO (A=Ca/Ba/Sr; B=Pb/Sn) 

have been shown to exhibit topological property in their pristine form which has earned 

these emerging class of Topological Insulators (TIs) a promising candidature for 

spintronic, thermoelectric, superconducting and ferromagnetic applications. The TI nature 

of these solids is because these materials act as an insulator in the bulk and support spin 

polarized electronic conduction on surface. Moreover, the strong spin-orbit coupling 

(SOC) interaction of the tin/lead atoms opens a band gap at the Dirac point, which 

provides opportunities for tuning its electronic, magnetic, and transport properties by 

defect engineering. This is important in the context of the fact that for spintronic and 

quantum computing applications, ferromagnetic materials with high Curie temperature or 

possessing room temperature ferromagnetic is also a prerequisite. In recent investigations 

the tin containing inverse perovskites have been shown to display room temperature 

ferromagnetism (RTFM) where the probable origin of this FM nature is not fully 

understood. Therefore, the focus of present work was to provide a comprehensive 

fundamental understanding of magnetic, electronic and thermodynamic properties of 

pristine and intrinsic vacancy defects containing A3BO (A=Ca/Ba/Sr; B=Pb/Sn) 

compounds which could provide an opportunity to tailor their properties for the spintronic 

and quantum computing applications. 

In present work we have calculated the electronic, magnetic, thermodynamic, 

properties of pristine and intrinsic vacancy defect containing A3SnO and A3PbO (A=Ca/ 

Sr/ Ba) by employing DFT based calculations. For evaluating the thermodynamics of 

pristine and intrinsic vacancy containing A3SnO and A3PbO (A=Ca/ Sr/ Ba), the all 
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electron full potential linear augmented plane-wave (FP-LAPW) based DFT calculations 

are performed using the WIEN2k code. The exchange-correlation effects are modeled 

using the PBE-GGA functional, while spin-polarization calculations along with spin orbit 

coupling interactions are considered to evaluate the magnetic properties of the non-

stoichiometric Ca3SnO, Sr3SnO, Ba3SnO, Ca3PbO, Sr3PbO and Ba3PbO compounds. The 

calculated thermodynamic stability diagram (TSD) of CSO showed good agreement with 

experimental data and provides appropriate limits of atomic chemical potentials of Ca, Sn 

and O. For the Ca3SnO it was found that the charge neutral tin and oxygen vacancies can 

be easily formed under Ca-rich condition, while the Ca vacancy is found to be favored at 

the permissible Sn-rich condition. Our calculations revealed that only the charge neutral 

Sn vacancy can give rise to a stable ferromagnetism in nonstoichiometric CSO where a 

spin-polarized electronic structure is achieved. On the other hand, the incorporation of O 

and Ca vacancy did not show spin dependent electronic properties. The calculated band 

structure and density of states confirm the topological behavior of pristine CSO, It was 

concluded that a controlled synthesis environment could lead CSO to show useful 

magnetic properties, which may stimulate an experimental exploration of the non-

stoichiometric CSO for application in electronic and spintronic devices. 

The TSD of SSO showed good agreement with experimental data and provides 

appropriate limits of atomic chemical potentials of Sr, Sn and O. The calculated 

formation energies show that O and Sn vacancies have low formation energies under O-

poor and Sn-poor conditions, respectively, while Sr vacancy is found to be the most stable 

form of neutral intrinsic vacancy defect under O-rich condition. We found that Sr and O 

vacancy containing SSO is non-magnetic, while Sn vacancy containing SSO give rise to 

stable ferromagnetism. Our results indicated that electronic and magnetic properties of 

Sr3SnO are strongly dependent upon chemical environment which allows tuning these 

properties during experimental synthesis. The calculated band structure and density of 

states confirm the topological behavior of pristine SSO, The Sr and O vacancy containing 

SSO is found to be non-magnetic, while Sn vacancy containing SSO gives rise to stable 

ferromagnetism. We show that the ferromagnetism in Sn deficient SSO originates from 

spin polarization of partially occupied Sr dangling bond which have a predominant Sr-4d 

character. 

 The TSD calculated in present work provides the valid limit for the stable 

synthesis of BSO with secondary phases. Our calculated results were in good agreement 
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with the experiment. It was noted the both Ba and Sn vacancy can be introduced under 

reduction condition. The Bader charge analysis showed the significant charge transfer 

from Ba atom to the O vacancy is occurred for O vacancy containing supercell, this 

caused ferromagnetic spin ordering in the material. The calculated values of local, 

interstitial and total magnetic moment and curie temperature showed that O vacancy was 

origin room temperature ferromagnetism in BSO supercell. While Ba and Sn vacancies 

did not introduce any magnetism.  The electronic properties in term of band structure with 

and without inclusion of SOC is showed that pristine BSO is metallic in nature. While O, 

Sn and Ba vacancy containing BSO super-cells showed metallic, n-type and p-type nature 

respectively.  

The TSD calculated in present work provides the valid limit for the stable 

synthesis of CPO with secondary phases. Our calculated results are in good agreement 

with the experiment. It is noted the Ca and Pb vacancy can be introduce under reduction 

and oxidation conditions respectively. The calculated values of local, interstitial and total 

magnetic moment and curie temperature showed that Pb vacancies can cause room 

temperature ferromagnetism in CPO. Ca vacancy introduced negligible magnetism, while 

O vacancy did not introduce any magnetism. The electronic properties in term of band 

structure with and without inclusion of SOC is showed that pristine CPO is topological in 

nature. While O, Pb and Ca vacancy containing CPO   super-cells showed n-type, semi- 

metallic, and p-type nature respectively. The TSD calculated in present work provides 

valid limits for chemical potentials for Sr, Pb and Oxygen and it is in good agreement 

with the experimental observations. The Pb vacancy can be easily formed under reduction 

condition and Sr vacancy could be introduced easily under oxidations conditions. We 

noted that only Sn vacancy give rise stable room ferromagnetism, while O and Sr vacancy 

defect containing supercells are ferromagnetically unstable. Further our calculated band 

structure and DOS for pristine SPO confirmed its non-trivial topology.  While the 

calculated DOS for Pb, O and Sr vacancies containing SPO showed metallic, n-type and 

p-type nature respectively. The TSD calculated in present work provides the valid limit 

for the stable synthesis of BPO with secondary phases. Our calculated results were in 

good agreement with the experiment. It was noted the both Ba and Pb vacancy can be 

introduce under reduction condition. The calculated values of local, interstitial and total 

magnetic moment and curie temperature showed that O vacancy was origin room 

temperature ferromagnetism in BPO. While Ba and Pb vacancies, did not introduce any 
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magnetism. The electronic properties in term of band structure with and without inclusion 

of SOC is showed that pristine BPO is topological in nature. While O, Pband Ba vacancy 

containing BPO super-cells showed metallic, n-type and p-type nature respectively.  

The calculated enthalpy of formation of A3SnO compounds is found greater than 

A3PbO compounds. While the volume of A3SnO compounds is smaller than A3PbO 

compounds and the larger volume of A3PbO compounds is because of presence of Lead 

instead of Sn. Therefore, by enthalpy of formation analysis it can be easily found that this 

quantity is related to size of unit cell as well as composition of unit cell. The A3SnO 

compounds is found more stable than A3PbO compounds. Further the formation energies 

analysis revealed that Ca/Ba/Sr vacancy to be the most stable form of vacancy defect 

under oxidation (O-rich) conditions, while O and Sn/Pb vacancies are found to have low 

formation energies under reduction (O-poor) and Sn/Pb-poor conditions. Our calculations 

revealed that only charge neutral Sn or O vacancies can give rise to stable ferromagnetism 

in non-stoichiometric A3SnO and A3PbO (A: Ca, Sr and Ba) compounds.  

The band gap analysis of pristine A3PbO and A3SnO with the inclusion of spin 

orbit coupling showed that Ca3SnO, Sr3SnO, Ca3PbO, Sr3PbO, Ba3PbO are topological 

insulator except Ba3SnO which showed bulk metallic character even presence of SOC. 

Our calculations reveal the only charge neutral vacancies can give rise to stable 

ferromagnetism in non-stoichiometric Ca3SnO, Sr3SnO, Ba3SnO, Ca3PbO, Sr3PbO and 

Ba3PbO compounds. The  Sn or Pb  vacancy is the major cause of room temperature 

ferromagnetism in Ca3SnO, Sr3SnO, Ca3PbO, Sr3PbO while O vacancy is major cause of 

magnetism in  Ba3PbO and Ba3SnO.Lastly It is concluded that a controlled synthesis 

environment could lead these systems to a show useful magnetic and electronic properties 

which may stimulate experimental exploration of non-stoichiometric Ca3SnO, Sr3SnO, 

Ba3SnO, Ca3PbO, Sr3PbO and Ba3PbO  for application in quantum computing and 

spintronic devices. 

Conclusions and Recommendations 

We have performed DFT based calculations to investigate the electronic, thermodynamic, 

magnetic properties of lead and tin based inverse perovskite oxides in their pristine and 

intrinsic vacancy defect containing forms. We concluded that the properties of above-

mentioned compounds are dependent on the presence of intrinsic vacancy defect. 
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Importantly, the electronic and magnetic properties of these materials can be tuned by 

introducing vacancy defects for making them suitable for important technological 

applications. Further future investigations are still needed to investigate the effect of 

doping on the electronic, thermodynamic and magnetic properties of these materials for 

the identifying device applications. 
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