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Abstract

The

development

in

optical

computing

devices

and

optical

telecommunications has improved the demand of materials with better optical
properties. For this motivation, various materials by appropriate properties are
considered based on the compound family of Pyrochlore oxides. Their ﬂexibility in
composition and structure permits modification of their optoelectronic and transport
properties. Pyrochlore oxides materials gained attractiveness due to broad series of
scientific applications, such as optoelectronic, thermoelectric, medical, photovoltaic
etc.
Theoretical studies are essential in the development of novel materials for
diverse manufacturing applications. By ﬁrst principles calculations, it is now probable
to get access to database of crystal structures and apply computer software (Wien 2K)
to calculate and recognize materials properties as experimental capacity is missing. In
this work, similar approach is used for the investigation structural, optoelectronic,
elastic and transport properties of pyrochlore oxides.
In this thesis, density functional theory (DFT) is used for the calculations of
optoelectronic and transport properties, which can efficiently, explained different
properties of some condensed matter systems. Furthermore, the full potential linear
augmented plane wave (FP-LAPW) method, which is implemented in Wien 2K code
is used for the investigation of optoelectronic, elastic and transport properties of
Pyrochlore oxides.
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Chapter 1.

Introduction

1.1 The Pyrochlores
Pyrochlores are naturally occurring minerals having formula A2B2O7
discovered by Wohler. In Greek, the meaning of Pyro is fire and Khloros means
green, so Pyrochlores when heated turns green. Pyrochlore structure is called super
derivative of Fluorite structure. The ideal Pyrochlores having formula A2B2X6X,
where A cation is larger as that of B cation. A belongs to trivalent rare earth ion but
may be mono or divalent cation and B contains 3d, 4d or 5d transition element having
suitable state needed for the charge balance for the composition of A2B2O7 shown
below in figure.1.1.

Figure 1. 1: Schematic Diagram of Pyrochlore structure.

A variety of Pyrochlores, e.g. Gd2Zr2O7, Y2Zr2O7 and Y2Nb2O7 etc were
synthesized by different chemical composition and properties [1, 2]. The structure of
pyrochlore exhibits the varying physical properties from electronic insulators [3]
La2Zr2O7, metallic conductivity, Bi2Ru2O7-y and spin ice system Dy2Ru2O7. The
Pyrochlores oxides are suggested as matrices for immobilizing prominent phase
radioactive waste [4]. This family has fruitful properties such as low thermal
conductivity, high expansion coefficient, high melting point and high stability. Due to
high variety of chemical compositions, more than 450 Pyrochlores have been studied
with this type of structure [5].
1. They are used in diesel engines and gas turbines as thermal barrier
coatings.
2. Several Pyrochlores compounds show high value of ionic conductivity
and can be used as electrodes for fuel cells.
3. The Pyrochlore oxides show catalytic properties and used as oxidation
catalysts, solid photocatalysts and gas monitoring sensors.
4. They have capability to contain the defects and perform as probable
host for the fluorescence centers and radioactive wastes.
5. Certain such materials exhibit superconductivity and magnetic
properties as well as colossal magneto resistant behaviour.
6. Portable electronic mobile phones, Li ion batteries by gel electrolytes
and mixed conductors.
7. Micro batteries for the smart cards and microelectro-mechanical
devices.
8. The radiation effects in pyrochlore oxides are also studied extensively
[6].
9. They can also be used for the display devices e.g H+ and Li+
conductors as solid electrolytes.

1.2 Materials Selected for the Current Study
The existing study focuses on five diverse pyrochlore oxides materials.
Particularly, the probability of the energy bandgap tuning is investigated, as it can go
ahead to extraordinary optical and thermal properties for device applications.

2

A2V2O7 (A= Fe and Co)

1.2.1

For the first time in 1829 Wohler defined the Pyrochlore [7]. However,
accepted the formation of classification of Pyrochlore minerals was provided by
Dana’s System of mineralogy. According to the classifications, Pyrochlore was
classified as the cubic oxides series [8]. Compounds in the pyrochlore group have
general formula 𝐴2 𝐵2 𝑂7 where A represents rare-earth ion and is large while B is
smaller and shows a transition metal presence [9]. Pyrochlore materials have
interesting properties exhibiting applications as mixed conduction and anion oxide
fuel cells (SOFC) electrolyte; dielectrics, magneto resistance and electro catalysts
[10]. Pyrochlores have application in high temperature pigments and oxygen sensors
etc [11]. Pyrochlore shows phase stability, high and low thermal conductivities and
high melting point because of which they are used in thermal barrier coating and
catalytic combustion [12]. Often“A”cation is rare-earth trivalent ion can be divalent,
mono alkali ions and “B”cation is transition element [13]. In pyrochlore structural
materials, 16c local site positions are occupied by“A”cations and 16d sites are
occupied by “B”cation while, the O ions are situated at 8a and 8b positions. Ionic
radii

𝑟𝐴
𝑟𝐵

of “A “and “B”cation is in range of 1.46 to 1.78 provides the stability of

𝐴2 𝐵2 𝑂7 [14]. In 3d transition metals exhibits transition metal insulator property [15]
due to Coulomb interactions and colossal magneto-resistance [16] while the 4d and 5d
transition metal systems have minimum correlation effect due to broader bandwidth.
Coulomb interactions and spin orbit coupling for various 5d orbital compounds were
explained recently by both experiments and theories [17].
Wan et al. employed the DFT to investigate the magnetic and electronic
poroperties of Y2Ir2O7 and rare earth based pyrochlore irradiates. They concluded that
under the applied magnetic field the strong spin-orbit coupling in Ir-5d may favor an
occurrence of insulator to metal transition. Their study has shown that ground state of
pyrochlore systems has “all-in/out” non-collinear magnetic moments state. The
calculations on constrained structure have shown that near Fermi level, the influence
on energy band was relatively small at A-site. Lattice parameter changes and
differences in ionic radii are explained by metallic or insulating nature of A ion.
Insulator to the metal transition of iridates was the interesting property seen due to a
spin-orbital coupling which made iridates applicable in magneto-optics and magnetoresistance [18].
3

Zhangzhen et al. studied the magnetic properties of Co2V2O7 by means of
magnetization, susceptibility, and heat capacity measurements. Results revealed that
Co2V2O7 is 3D antiferromagnetic have transitions at 6.0 and 13.2 K [19]. William et
al. analyzed the photoactivity of Bi2Ti2O7 by the addition of iron. The DFT study
revealed that addition of iron enhanced the photo-activity of the studied compound by
38% and the combination of Pt with Iron has enhanced it up to 88% with respect to
pure Bi2Ti2O7. Also, fluorescence results confirm that Iron is favorable for the visible
light assisted charge separation [20]. Ullah et al. discussed the optical, mechanical and
structural properties of three different pyrochlore compounds Y2V2O7, Y2Ti2O7 and
Y2Nb2O7 by using DFT. They concluded the semiconducting behavior of all these
compounds with bandgap equal to 2.8 eV for Y2Ti2O7, 0.4 eV for Y2 Nb2 O7 and 0.2
eV for Y2 V2 O7. Optical properties revealed the dielectric nature of these compounds
and showed optically active nature for the visible and infrared spectral range [21].
Irfan et al. explored the optoelectronic and transport properties of Cd2Sb2O7 and
Ag2Sb2O6 using (FPLAPW) method. Optical properties for the range of ultraviolet
energy offered high reflectivity while electronic properties revealed that these
compounds are semiconductors with direct bandgap [22].
Improved optical responses have been reported in the previous works for the
pyrochlore materials. Hence in the present work, the effect of Fe and Co doped
A2V2O7 has been studied using the FPLAPW method as implemented in Wien 2k.
Based on first-principle calculations, we examined electronic, magnetic and optical
properties of the A2V2O7 (A= Fe and Co). These properties are calculated using
GGA+U model, where U is Hubbard parameter (for considering the Coulomb
repulsion between the delocalized 3d/4f electrons). The key point here is a fact that
we didn‟t find any theoretical data available for A2V2O7 (A= Fe and Co)compounds
and this is why, we are encouraged to do a theoretical study. The effect of Fe and Co
doping optical, electrical and magnetic properties of the A2V2O7 was investigated and
reported here for the first time.

4

Figure 1. 2: Crystal Structure of Fe2V2O7 and Co2V2O7.
1.2.2

ASbO3 (A=K, Ag and Cs)
The oxides, crystallize in the Pyrochlores structure, lead a group of

compounds with attractive properties such as the superconducting Cd2Re2O7 [23] and
ferroelectric Cd2Nb2O7 [24]. This cubic structure belongs to space group Fd3m, which
is highly symmetric. It is represented by formula A2B2O7 and rewritten as A2B2O6O/,
as the oxygen exist on two different crystallographic sites. The pyrochlore structure
can be found as two interpenetrating and 3D: corner sharing system of BO6/2
octahedra and a linearly coordinated A-atoms network are connected by a structure of
O-centered tetrahedra [25, 26]. By corner sharing of A and B tetrahedra, the
pyrochlore structure can be computed as two interpenetrating networks. Some of the
interesting information can be drawn by subunits of this structure. For example, the
configuration of A and B (tetrahedral) leads to frustrated lattice, which introduce
attractive magnetic properties [9]. The rigid octahedral configuration permits for the
arrangement to consume defects in the channels, wherever the A2O/ chains are
initiated. The A atoms are found in the 16d site (which is central to BO6/2 channel
frame) and O/ atoms are located at 8b sites along this channel 8b sites are vacant in
anion deficient pyrochlore structure, and the consequential formula is reduced from
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A2B2O6 to ABO3. A comparison of anion deficient and ideal pyrochlore structure is
shown in figure 1.3, while expansive the majority members of pyrochlore oxides
crystallize in the ideal pyrochlore framework. Only few materials form in this group
having 8b sites, consequently very relatively small literature is found on A2B2O6. One
defect pyrochlore oxide pay new attention is Ag2Sb2O6, empirically written as
AgSbO3.
The defect pyrochlore was discovered in 1938 [27], first structurally
characterized by Sleight [28], through XRD. Additional XRD properties by Rietveld
analysis showed that Ag+ hold in the centre of channel within anion deficient
pyrochlore configuration. Fundamentally the material Ag+ is ion conductor and shows
n-type conductivity in amorphous thin films and bulk powders [29, 30]. The interest
on the AgSbO3 is enhanced when photocatalytic scheme was observed on powdered
samples, in the existence of gaseous mixture of dry air and 2-propanol. When the
sample and gaseous mixture was irradiated by visible light then adsorption
equilibrium was formed. Gas chromatography showed the 2-propanol was
decomposed into molecular oxygen and acetone [31]. This visible light response
revealed that band gap is narrow, about 2.6 eV, which lead to study of AgSbO3 as a
probable (TCO) [32]. The transport properties of copper doped AgSbO3 [33] and pure
AgSbO3 [34] can be found by figure of merit, ZT=0.06 in pure AgSbO3. In copper
doped PF (power factor) of AgSbO3 was increased but ZT was not computed due to
deficiency of thermal conductivity measurements. Other characterizations of AgSbO3
can also be done through (XPS), SEM and electron diffraction [35]. Photocatalysis is
observed in AgSbO3 formulated by ion exchange with NaSbO3 precursor, and
photocatalytic ability is observed in the illmenite polymorph [36]. Photoemission
studies of AgSbO3 thin film showed that VBM was mainly formed of Ag-4d and O-2p
orbitals [34]. Supplementary, the computational studies verify the VB composition,
and thoroughly showed that VB in the anion-deficient pyrochlore was formed due to
overlaping between the orbitals. Due to overlapping of Ag-4d and O-2p orbital the
energy of VB is increased, resultant in the narrow band gap [37, 38]. Theoretical
studies also showed that CBM is formed to diffuse Ag-5s and Sb-5s orbital‟s resulting
in the configuration of narrow band gap that established the optoelectronic properties
of this compound [31, 32, 37]. This work use total scattering method to find the local
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and average structure of the compound and to investigate the effects of exchange on
the anion deficient structure.

Figure 1. 3:Unit cell Crystal structure of ASbO3 (A= K, Ag and Cs).

1.2.3 Ag2Sb2O6 and Cd2Sb2O7
The compound Ag2Sb2O6 was first described in 1938, and structurally
represented as defect Pyrochlores in 1969 [31,32]. This anion deficient Pyrochlores is
a compound of attention due to its practical photo catalytic activity [32]. This visible
light reaction is described by a narrow band gap of around 2.6 eV [39]. The narrow
band gap is a consequence of the orbital compositions at the VBM and CBM based on
detailed DFT calculations [40,41]. The VBM composed of mainly Ag-4d and O-2s
orbitals and the orbital interactions its energy is also increased. The CBM is formed of
diffuse Ag-5s and Sb-5s, O-2p orbitals. The variation of the VBM energy and the
diffuse 5s orbitals at the CBM give this compound with a narrow band gap, which
utilizes the visible portion of spectrum for photo catalytic reactions. For Ag2Sb2O6, a
7

relative low thermal conductivity of 0.824Wm-1K-1 from properties analysis has been
investigated. The transport properties were characterized by Figure of Merit ZT, of
0.06 at 873K [42]. Ag2Sb2O6 showed n-type mixed ionic and electronic conductor
for different considerations, shows a conductivity of approximately 10−1Ω−1𝐾−1 in thin
film form. Cd2Sb2O7 was firstly reported in 1945, and has been characterized
structurally to find the pyrochlore structure [43, 44]. Cd2Sb2O7 has been shown to be
an n-type semiconductor [45], and its electrical conductivity was measured. Most of
inorganic oxides are classified as electrical insulators due to their relatively wide band
gap (except some materials such as Sn-doped indium oxide In2O3:Sn or ITO). Zinc
oxide (ZnO: Al) and SnO2 (SnO2:Sb) are called transparent conductors, due to their
optical band gap ( superior to 3 eV). This characteristic has led to consider them for
use in making transparent electrodes for solar cells and liquid crystal displays [46].
On the other hand, the conversion of temperature difference to electric voltage
directly vice versa is called thermoelectric effect. TE materials are made by different
kinds of materials, which is extensively used due to their possible applications in the
field of energy conversion [47-49] sensors and cooling [50]. The effectiveness of TE
materials can be described by figure of Merit (ZT=S2𝛿/𝑘), where S shows the
capability of TE material to establish electric potential under temperature difference
which is defined as S=dV/dt. Here in, 𝛿 is electric conductivity, k is thermal
conductivity and T represents absolute temperature. The performance of TE materials
can be increased when the values of 𝛿 , S and 1/k are high. However it is not easy to
balance these properties due to basic challenge to decouple the heat transport and
charge. The dawn of current preparation technique, particularly nanotechnology have
transport new feature in making new materials or modifying their properties, such as
materials for TE and solar cells [47]. The electrical conductivity and optical
transmission of some wide band gap oxides with spinel structure as MgIn2O4,
CdGa2O4, and ZnGa2O4 was widely investigated during the last decade. These spinel
phases were selected from the following considerations: the smooth sequence of edge
sharing MO6 octahedra is operated along the [100] direction in the crystal lattice,
where M is for metallic ions. Where M is P-block ions containing ns0 electronic
configuration, for example Cd2+ and In3+. The bottom of the CB is mostly formed by
atomic orbital of M cation, where M is principal quantum number. The short distance
between adjacent M cations and the lack of intervening oxygen, resulting from edge
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sharing structure, is accelerated through electronic interactions between atomic
orbital‟s and cations. The mobility of conduction electrons is high which is due to
interactions, produced by large dispersion of bottom of conduction band [48].
Ag2Sb2O6 and Cd2Sb2O7 are Pyrochlores exhibiting a layered structure where the
dimensionality diminution plays significant job in tuning their band gap. This
fascinating performance makes Ag2Sb2O6 feasible for detection devices and TE
conversion applications.
The reported observed electronic band gaps were found direct which lead to
consider them for potential applications in hard radiation detection. The optical band
gaps were observed using ground crystals and absorption spectra by UV optical
spectroscopy. However, the performed DFT calculations on these materials have
revealed the drawback of the employed functional and GGA used to compute the
accurate band gap values. Moreover, due to strong demand on different materials for
energy conversion and photovoltaic (PV) applications, we have expanded our
research to the materials for TE and PV devices. computation of the TE and
optoelectronic properties can be performed with the recent developed computational
tools which will helps us to know the outcome of structure in the band gap and
associated with thermoelectric and optical properties.

Figure 1. 4: Schematic diagram of Ag2Sb2O6 and Cd2Sb2O7.
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1.2.4

Calcium pyroniobate Ca2Nb2O7 crystals
The pyrochlore structure of Ca2Nb2O7 (calcium pyroniobate) crystals have

been caused much attention due to vast applications in photocatalysis, piezoelectric,
electrical, optical and electrocatalysts for oxidation reaction of hydrocarbons etc. It
was reported earlier that calcium pyroniobate at ambient temperature shows a
negative temperature coefficient of dielectric constant [51]. Zhu et al. have found that
Ca2Nb2O7 may degrade rhodamine B in UV light irradiation. The photocurrent
production and photocatalytic action were improved effectively by the substation of
Ta5+ in Ca2Nb2O7 pyrochlore [52]. Abe et al. investigated about the solvo-thermal
process of Ca2Nb2O7, in which photocatalytic activity was discussed for splitting of
water into H2 and O2 under UV irradiation of light [53, 54]. Furthermore, Ca2Nb2O7
has cubic structure with space group Fd-3m (227) as presented in Figure 1.5. It was
established that cubic pyrochlore Ca2Nb2O7 may be used as a new host material. It
was established that doping by Nd3+ and Yb3+ for monoclinic Ca2Nb2O7 affects the
absorption and emission bandwidth at 798 nm [55, 56]. Pan etal. studied the
substituted pyrochlore compounds for advance thermal barrier coating of materials
[57]. Recently, Nb has many applications for different crystal structures [58, 59].
Furthermore, electronic structures, optical and elastic properties of cubic Ca2Nb2O7
have not been studied systematically. Therefore in the present work, we have focused
on the electronic, optical and elastic properties of Ca2Nb2O7 within a framework DFT
calculations. The theoretical approach used in this work has been applied for the
prediction of different properties of many materials [60-63]. Hence, the simulation is
an efficient tool for the exploration of materials properties [64-67].We expect that our
calculations for Ca2Nb2O7 will enhance its range of applications and can accelerate a
discovery of novel material.
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Figure 1. 5: Unit cell Crystal structure of Ca2Nb2O7.
1.2.5

A2Ti2O7 (A=Eu, Gd, Sm, Tb, Dy, Ho, Er, Yb)
The pyrochlore oxides having formula A2B2O7 with space group Fd 3m

(crystallize in cubic structure), where A and B are typically trivalent rare earth and
transition metals correspondingly. In the past there has been significant attention on
these compounds both scientiﬁcally and technologically. These are identified for
attractive magnetic properties as giant magnetoresistance [68]. Pyrochlores have an
outstanding difference of properties such as piezoelectric,dielectric, and ferroelectric
properties [26], and several Pyrochlores be present as insulators or semiconductors
[69]. Furthermore, the pyrochlore oxides scheme tender ceramics intended for nuclear
applications [30]. It is typically acknowledged that the abnormal magnetic properties
are associated to degeneracy or “frustration” in favor of the ground state of the
pyrochlore oxides structure, where 3D antiferromagnetic order is not possible,
consequential in a spin-ice disorder of magnetic moments by nonzero entropy [70].
The compounds which are mostly studied with these materials are A2Ti2O7 (A=Eu,
Tb, Dy, Ho, Er, and Yb) [71] and exhibit different magnetic facts including spin ice
nature in Ho2Ti2O7 and Dy2Ti2O7[9], spin liquid nature in Tb2Ti2O7 [72,73] and
Yb2Ti2O7 [74], and order through disorder experience in Er2Ti2O7 [75,76]. Several
Pyrochlores illustrate disorder in structure of the A and B-sites in count to frustration
of magnetic moments. For the pyrochlore Tb2Ti2O7, though, it was exposed that
neither A/B disorder nor oxygen non stoichiometry plays a considerable job, making
it an approximately perfect, disorder-free pyrochlore material [77], while slight
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divergence from the ideal Tb/Ti stoichiometry appear to authority the spin-lattice
coupling less than 1K [78]. This material is used as potential Faraday isolator,
analogous to a few extra complex cubic terbium oxides [79].
Wan et al. used Density function Theory (DFT) for the study of magnetic and
electronic structure of Y2Ir2O7 and rare earth-based pyrochlore irradiates. They
observed that under the applied magnetic field the strong spin-orbit coupling in Ir-5d
may favor an occurrence of insulator-to-metal transition. Their study exposed that
ground state of pyrochlore systems has “all-in/out” non-collinear magnetic moments
state. The calculations on constrained structure have shown that near Fermi level, the
influence on energy band was relatively small at A-site. Lattice parameter changes
and differences in ionic radii are explained by metallic or insulating nature of A ion.
Insulator to the metal transition of iridates was the interesting property seen due to a
spin-orbital coupling which made iridates applicable in magneto-optics and magnetoresistance [18]. Panero et al [80], performed ab-initio calculations on Y2 (Ti, Sn, Zr)2
O7 pyrochlore. It was confirmed that the defect structure energies are difficult
functions of the cationic radius and good effect on the electronic conﬁguration of the
A and B cations was seen. The supremacy of ab-initio methods applied to pyrochlore
oxides has also been computed by numerous calculations [81, 82]. Nemoshkalenko
et.al [83] investigated the electronic structure of Pyrochlores A2Ti2O7 (A = Sm-Er,
Yb, Lu) by using XPS and XES measurements.
Theoretical studies on magnetic Pyrochlores oxides are principally depends on
Hamiltonians, including dipole-dipole interactions, Heisenberg exchange, and single
ion anisotropy, which is parameterized by experimental data [9]. The lack of first
priciples calculations on these compounds avoid microscopic perceptive of magnetic
Hamiltonian models. Furthermore, these investigations are limited to nonmagnetic
properties [84, 85] of the magnetic pyrochlore oxides or those materials having
inactive f electrons [83]. The reason behind this fact is partially filled 4f orbitals of
rare earth ions which include strongly localized and correlated electrons, which is
responsible for the severe complexity in finding the true ground state of the system
using DFT calculations [86]. The typical solution for accurate explanation of the
coulomb interaction between 4f electrons is applying orbital dependent approaches
with hybrid functionals [87] and DFT+U techniques. The main purpose of our current
work is to employ DFT+U technique for ab-initio calculation in order to examine the
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structural and optoelectronic properties of A2Ti2O7 (A=Eu, Gd, Sm, Tb, Dy, Ho, Er,
Yb) materials.

Figure 1. 6: Crystal structure of Tb2Ti2O7.

1.3 The present Study
In this thesis, DFT calculations are used to calculate the optoelectronic and
transport properties of Pyrochlore oxides compounds. DFT is broadly used in
computational of solid state physics for the computations of structural, magnetic,
hyperﬁne and ground state properties of compounds from ﬁrst principle calculations.
The plan of the research is to investigate the electronic structure of pyrochlore oxides
due to growth in optical telecommunications and computing devices. The purpose is
to determine the electronic structure optical and transport properties of the chosen
pyrochlore oxides. FP-LAPW is implemented in Wien 2K used for the calculations
electronic structures and optical properties of the Pyrochlore Oxides. In FP-LAPW
method the core electrons are treated fully relativistically and valence electrons are as
semi relativistically. From the past decades such type of materials have potential
applications due to their optical and transport properties such as electrochemical,
photovoltaic and optoelectronic devices.
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1.4 Objectives
The plan of the present study is to predict the electronic structure of
Pyrochlores oxides, so this gives development in optical computing and optical
telecommunication devices. The main purpose of this work is to investigate the
ground state properties of Pyrochlore oxides compounds which contain different
crystal structures. The key objective is to know the optoelectronic and transport
properties of Pyrochlores oxides. The preliminary intention is to determine the
electronic structure of the pyrochlore oxides having different crystal structures. The
optical properties will be calculated after the attaining of electronic structure in detail.
For the accurate calculations of electronic structure, optical, transport, and
magnetic properties of pyrochlore oxides, the Engel-Vosko GGA (EV-GGA),
modiﬁed Becke Johnson (mBJ) and GGA+U is used. The electronic structures are
evaluated by using the FP-LAPW method, as implimented in Wien 2K. Moreover, the
transport properties are calculated by using the BoltzTraP code.
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Chapter 2.

Literature Review
The literature review on the pyrochlore oxides and its different properties is
described in this chapter. Here we will also focus on the various processes by
different approaches.
Photocatalysis has established a great consideration over the past decade. This
has been mainly effort to get an efficient use of the solar radiations, to help for the
combat issues which is related to both energy production, as the arrangement of H2
form the splitting of water and concerns with the environmental such as degradation
of organic pollutants [37].
Antonio et al. [88] synthesized the disorder pyrochlore (A2B2O7) by using
mechanical milling of the constituent oxides which was successfully organized at the
room temperature. They obtained results of mechanically activated reactions between
A2B3 and TiO2, which included crystalline size and initial step of the particle together
formed with polymorphic of the transformation of the trivalent element oxides, due to
transformation of the cubic into monoclinic A2O3. The formation of the pyrochlore
disordered takes place as a second step.
Hahawa et al. [89] studied the superconducting pyrochlore oxide Cd2Re2O7,
which shows phase transition at ~73 0C from one cubic to another cubic on cooling i.e
the higher change in structure causes large change in magnetic properties and
resistivity. They examined the relation in the electronic and crystal structure in the
pyrochlore.
Zhi-fen fu et al. [90] synthesized the nanopowder (Mg4Nb2O7) by high energy
ball milling and showed that by increasing the milling time the crystallization and
reaction are to be enhanced.
Diaz Guillen et al. [91] observed that La replacement for the Gd in the
pyrochlore type Gd2Zr2O7 has not affect on its ionic conductivity at Y<0.8, although

by reducing the mobile oxygen. They also observed that by the reduction of ion-ion
interactions produced more ordered structure phase in the sample with larger La
content.
Lee et al. [92] studied electrical conductivity of the Nb2O5 compound. They
pay attention on the relation between ionic conductivity and accessible phases. When
the value of x increased in the range of 2.5-20, then isothermal conductivity was also
increased, this is related to the increase in the F-phase fluorite fraction in the crystal
field of the two phase regions. Due to the decrease in the oxygen vacancy
concentration was probably due to decrease in ionic conductivity of 20-25 and 27-50
Nb2O5. The 20 % of the Nb2O5 showed the highest value of conductivity and have
very broad range ionic domain to high range of pressure.
Hayward et al. [93] observed the low temperature approach reduction of
Y2Ti2O7 with the calcium hydride, showed a mixture of two decreased pyrochlore
phases (Y2Tio2O6.5and Y2Tio2O5.9), contains a region of unstable composition of
(Y2Tio2O7.x ). In these phases magnetic susceptibility and metallic are consistent with
delocalized nature. This type of nature suggests that magnetic properties were
observed geometrically.
Muthukkumaran et al. [94] studied the link between ionic conductivity and
defect association by using the concept of quantum mechanical calculations. The site
vacancies was also determined with the trivalent dopants and suggested that for
atomic number near to 61 and 32, both elastic and electronic interaction are balanced
and total interaction in the NNN and NN position are approximately balanced. The
decision of the low barrier configuration and in turn the ionic conductivity was
explained by term activation energy. We have concluded that this happened for the
atomic number close to 61 and 62. For the achievement of high value of ionic
conductivity the observed dopants are pm3+ and sm3+. Consequently, the mixture of 3+
ions leads to higher conductivity than any of the single dopants used.
Park et al. [95] calculate the densities of the sintered specimen in 5.42-5.63
g/cm3, whose value of computational density of ZnO 5.78 g/cm3. By increase of Y2O3
content the density is decreased. The majority of the added Y2O3 is isolated at certain
nodal points and grain boundaries, and establishes to form Y rich phase with Pr-rich
phase together. By increasing Y2O3 content the average grain size is decreased. The
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voltage and nonlinear coefficient in amplified as the Y2O3 content increased; the
dielectric constant was decreased by increasing Y2O3. Nonlinearity is highest when the
sample with 4.0% mol Y2O3 sintered at the 12850C which contains nonlinear
coefficient of 78 and the dielectric constant has 353 at 1 kHz.
Johnson et al. [96] observed the molecular dynamics of the thermal
conductivity of the Y2Ti2O7 at T1/4 1473 K expect the value of 2.6 Wm-1K-1, which is
not good for the light of the current results. Pyrochlore materials are assumed to
competitive as replaced for the yttria-stabilized zirconia, particularly if the thermal
conductivity is to be lowered 2-3 W m-1K-1. Our calculated results are for the single
crystal of Y2Ti2O7 and the values of k are maximum, and thermal conductivity is
lowered for useful range when the porosity, polycrystallinity and addition of
impurities are considered. Pyrochlore are considered as an inert matrix for the actinide
transmutation and heat is removed for high concentration of the actinides, the required
k value in the range of 2Wm-1 K-1. The comparison between Nd2Zr2O7 and La2Zr2O7
(1.7 Wm-1 K-1 and 1.5 Wm-1 K-1) our results shows that Y2Ti2O7 are in good
agreement for applications.
Chartier et al. [97] computed that O atoms participate minute function in the
order-disorder transitions due to cation order parameters of the O atoms. Growth of
the FPs is the process which makes Zr Pyrochlores oxides towards the amorphization
by two steps procedure: first is the transition from pyrochlore to disordered fluorite
which is occurred for 0.2 FP per cation ratio in the La2Zr2O7. Second is the irradiation
process which fabricates amorphization of disorder of fluorite La2Zr2O7 and more FPs
occurred has concentration of 0.1. The amorphization is based on capability to attain
high critical FP concentration prior to the crystalline composition. This process gives
atomic level understanding of the complexity to amorphize lanthanum zirconate, as
confirmation of its low T of 310 K.As the T is increased sufficient for the activation
of diffusion of cation interstitials or vacancies, recombination occurs and it is not
possible to attain the critical concentration.
Mandal et al. [98] investigated the compounds with insignificant
compositions Nd2-yYyZr2O7 by the use of solid state method. The reduction in the
lattice parameters reveals withraise in Y3+, which is the indication of homogeneity
choice till those compositions. On increasing the Y3+ content in the structure, the
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difference between A and B sites leads to anti site defects configuration, outcome in
local O disorder. Other two compositions (y=1.2 and 1.6) are of biphasic character.
The x consideration of 48f oxygen of composition by pyrochlore structure change
from 0.331(1) for Nd2YyZr2O7 to 0.344(6) for Nd0.8Y1.2Zr2O7, which is the sign of
disorder in the arrangement. It is concluded that the distinction at A site can also
guides to order-disorder phases and is supported by Lian et al. [99]. Moreover, the
results from Raman spectroscopy and XRD data analysis are quiet similar.
Ding et al. [100] investigated Y2 Ti2 O7 doped discretely with 1 mol.% of rare
earth oxides La2 O3, Sm2 O3 , Eu2O3 ,, CeO2 , Nd2O3 ,Gd2O3 and Dy2O3 by the
conventional mixed oxide technique. The results established that the ceramics
exhibited cubic pyrochlore Y2Ti2O7 as key phase and fine crystallized at 14500C. It
was clear that proper rare earth ions into Y2Ti2O7 based ceramics could carry down
the dielectric loss significantly, and made τf tend to zero. The Y2Ti2 O7ceramics doped
with 1% Nd2O3showed optimum microwave dielectric properties εr≈45, Q·f≈22000
GHz, τf= 179 ppm/oC. The materials can be utilized as resonators and filters
applications in 3–8 GHz of microwave range.
Belov et al. [101] investigated (Ln 1-x Ax) 2Ti 2O7 δ (Ln = Dy, Ho; A = Ca, Mg,
Zn; x=0–0.1) pyrochlore solid solutions primary time by using mechanical
establishment. The conductivity of the materials organized by co-precipitation and
from mechanically stimulated oxides that of the materials equipped by solid-state
responses at the the same T, due to a more even dopants distribution over the ceramic
grains. The solid-state scheme can, in principle, give the close doping allocation but
only at the superior synthesis temperatures. Though, the grain-boundary conductivity
component showed to have non-Arrhenius activities in the samples synthesized by
solid-state technique.
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Chapter 3.

Theoretical Framework
3.1 Background
The reason of this effort is to investigate the optoelectronic and thermoelectric
properties of the Pyrochlore compounds theoretically. For this type of study, we will
use density functional theory (DFT), which allows to mock-up the electronic structure
in periodic systems and provide us approach on the bulk electronic properties of the
materials of consideration. Furthermore, from the calculated electronic structure,
transport properties of pyrochlore materials will be computed by using Boltzmann
transport equation, from which some transport properties will be computed. In this
chapter the basic explanation of DFT provide access to ground state properties, of
Boltzmann transport theory gives entrance to thermoelectric properties, and the tools
used for the implementation of those theories was: Wien-2k and BoltzTraP [102].

3.2 The many-body problem
A crystal in a primitive unit cell contains atoms which are repeated
periodically throughout the space. The following is general theory and can be applied
to any kind solid. Consider a quantum system of N0 nuclei, and N electrons are in
interactions. Such type of system is formed with a wave function which is found by
solving SWE.

H ( r , R)  ( r , R)  E  ( r , R)

(3.1)

Where Ψ 𝑟, 𝑅 the eignfunction and H is Hamiltonian operator.

H (r , R)  Tcore ( R)  U corecore ( R)  Te ( R)  U ee ( R)  U core e (r , R)

(3.2)

The mathematical relations in this chapter contain the following notations:



N is total amount of electrons in system,



N0 is total number of electrons in the system,



𝑖 𝑎𝑛𝑑 𝑗 refer to electrons,



𝑘 𝑎𝑛𝑑 𝑘 / about the nuclei,



riposition of electron,



Rkis the position of nucleous k,



Zk represents charge of k nucleus.
If we do work on atomic units, we have

1
4 0

 1,

c  137.036 , me  1

  1 , e 1,

And the other terms can be written as

Tcore ( R)   k 1
N0

1
Rn
2M k

U corecore ( R)   k  k /

zk zk
Rk  Rk

N 1
Te (r )   i 1  ri
2

U ee (r )   i  j

(3.4)

(3.5)

1
Ri  R j

U coree (r , R)   k ,i

(3.3)

(3.6)
Zk
ri  Rk

(3.7)



(3.3) is the operator associated to energy of the nuclei,



(3.4) operator relating to interaction energy within nuclei,



(3.5) related to K.E of electrons,



(3.6) associated to interaction energy involving electrons,



(3.7) connected to interaction energy among electrons and nuclei,

The previous equation is not easy to solve analytically, few approximations
are necessary in order to simplify the problem.
We see that nuclei include masses, which are very significant as that of mass
of electrons (Mk=1000me). In this case the effect of 𝑇𝑖 (R) is very little as compared to
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𝑇𝑒 , and we suppose it as perturbation. This assumption was published in 1927 [103],
and is called Born-Oppenheimer approximation. Thus electrons are more mobile than
cores and follow ionic motion adiabatically. It means the inertia of electrons is
negligible as compared to ions.
The unperturbed Hamiltonian can be written as Born-Oppenheimer
Hamiltonian:

H BO (r , R)  U corecore ( R)  Te (r )  U ee (r )  U coree (r , R)

(3.8)

And Born-Oppenheimer energy found by solving Born-Oppenheimer
Schrodinger equation:
H BO (r , R)  (r , R)  EBO ( R)  (r , R)

(3.9)

In case of Born-Oppenheimer Hamiltonian, R just represents simple parameter
of Hamiltonian not any differential operator. 𝑈𝑐𝑜𝑟𝑒 −𝑐𝑜𝑟𝑒 𝑅 is a global shift in
electronic energy by fixing R, which is expressed below.

H BO (r , R)  H el (r , R)  U corecore ( R)

(3.10)

H el (r , R)  Te (r )  U ee (r )  U coree (r , R)

(3.11)

Born-Oppenheimer approximation allowed treating electrons and nuclei
separately.
1. The electronic ground state is obtained for several configuration of nuclei by
solving

H el (r , R) (r , R)  Eel ( R) (r , R)

(3.12)

or by applying variational principal;
Eel ( R)  min   H el 

(3.13)
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2. The ground state of nuclei R0 and energy found as the minimum of BornOppenheimer energy

EBO ( R)  Eel ( R)  Ecorecore ( R)

(3.14)

EBO ( R )  min R ( Eel ( R)  Ecorecore ( R))

(3.15)

0

The central problem is to solve equation 3.12, and there are lots of methods to
solve such a problem.

3.3 Density Functional Theory (DFT)
Up to now, we have considered many body wave function (𝜓) as the
“variable‟‟ in our problem. The approach is different in case of DFT; the wave
function is replaced with electronic density. If the 𝜓 related to ground state of N
electron system based on spatial coordinates 𝑟1, 𝑟2, … . . 𝑟𝑁 electron density is expressed
as:
N

d (r )    (r  ri )

(3.16)

n(r )  (r1 , r2 ,....., rN d (r ) (r1 , r2 ,....., rN

(3.17)

i

2

n(r1 )  N (   (r1 , r2 ,...., rN dr2 ...drN )

(3.18)

Since the density is space dependent, and it has 3 × 𝑁 variables as of the
problem. So we obtained problem only three spatial variables. Moreover it is much
easier to calculate in terms of computational techniques. The computations of many
body problem in forms of density based on two theorems (Hohenberg- Kohn theorem
and Kohn- Sham ansatz) described below.

3.4 The First Hohenberg- Kohn theorem
We will see that how the many body problem can be reduced into a problem
which only depends upon electronic density [104, 105].
The first Hohenberg- Kohn theorem is:
“The ground state density 𝑛0 (𝑟) of many- body electronic system is uniquely
determined by external potential 𝑈𝑒𝑥𝑡 (𝑟) constituent a constant‟‟
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Consider family of Hamiltonian𝐻𝑒𝑙 , which have all identical 𝑈𝑒𝑒 𝑟 and 𝑇𝑒
operators, and they differ in external potential 𝑈𝑒𝑥𝑡 .
1
2
Proof1: consider two potentials 𝑈𝑒𝑥𝑡
(𝑟) and 𝑈𝑒𝑥𝑡
(𝑟) and both are different

which are related to ground state electronic density𝑛0 (𝑟). These potentials leads to
two different Hamiltonians, H1 and H2, and also generate the ground wave functions (
|𝜓1 and|𝜓2 ). As |𝜓2 is not ground state with the H1, so

E (1)   (1) H (1)  (1)

  (2) H (1)  (2)
  (2) H (2) (2)  (2) H (1)  H (2) (2)
(1)
(2)
 E (2)   dr[U ext
 U ext
]n0 (r )

(1)
(2)
 E (1)  E (2)   dr[U ext
 U ext
]n0 (r )

(3.19)

Similarly |𝜓1 represents not the ground state of system having Hamiltonian
H2,

E (2)  (2) H (2) (2)

  (1) H (2)  (1)
  (1) H (1)  (1)   (1) H (2)  H (1)  (2)
(2)
(1)
 E (1)   dr[U ext
 U ext
]n0 (r )

(2)
(1)
 E (2)  E (1)   dr 3[U ext
 U ext
]n0 (r )

By adding these inequalities yields

(3.20)
, and is not possible.

The hypothesis of same density with different potential is not true. Consequently,
electron density is determined by external potential only.

3.5 The second Hohenberg- Kohn theorem
The second theorem is summarized as
“A universal functional 𝐸𝑛 gives the energy associated with electronic
density 𝑛(𝑟), which exists for numerous external potential (𝑈𝑒𝑥𝑡 (𝑟)). For 𝑈𝑒𝑥𝑡 (𝑟), the
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ground state energy is which minimizes the functional, and 𝑛(𝑟) is the exact ground
state density 𝑛0 (𝑟)‟‟
Proof: electron density 𝑛(𝑟) is responsible for different properties defined by
knowledge, which is written as density functional.
F[n] is partial involvement of electronic system to the total energy. As for any
electronic system, the functional is same for any external potential, so F is called
global functional of the density.
Consider a system has 𝒏(𝟏) is ground state density and is given by potential 𝑼𝟏𝒆𝒙𝒕 (𝒓).
In this case, Hohenberg- Kohn functional is equivalent to Hamiltonian of the ground
state.
𝝍𝟏 : E (1)   (1) H (1)  (1)

(3.21)

If we suppose has 𝑛(2) related to other wave function |𝜓 (2) , and is not same
as that of |𝜓(1) . It can be seen that E of other state 𝐸 (2) is greater than the ground
state 𝐸 (1) .

E (1)   (1) H (1)  (1)   (2) H  (2)
 E (2)

(3.22)

Consequently, the value of energy functional calculated for the ground state
density 𝑛0 (𝑟) is lower as compared to other density 𝑛. The energy and density of the
ground state found by knowing the universal functional, which is achieved by
minimizing the total energy and change of electronic density 𝑛 𝑟 .

3.6 The Kohn-Sham ansatz
As DFT is a good theory, but there is no practical method for its
implementation for the solution of many body problem system, which is due to fact
that analytic form of F[n] is missing. From this point the theory is useless in practice,
but Kohn and Sham led great idea in changing the unsolvable problem to simpler and
the solvable approach to the same solution. This approach is called Kohn Sham
ansatz.
Consider a scheme of non-interacting particles is moving in external potential
𝑣𝑠 which produces identical ground state density as in many body problem. The key
24

point of this approach is that entire system can be expressed by a single product of
each wave function and the particles are supposed independents from each other:
N

 ks    i (ri )
i 1

(3.23)

The many-body wave function represents by Slater determinant of
monoeletronic orbitals, which are the solutions of SWE.
1
[  ri   s (r )]  i (ri )   i  i (ri )
2
N

n(r )   i (ri )

2

(3.24)
(3.25)

i

The universal functional F[n] is expressed as sum of the three terms. One
represents the interaction of the density with itself, one reveals K.E of non-interacting
particles, and one shows the correlation and exchange energy in the system.

F [n]  TKS [n]  EH [n]  Exc [n]

(3.26)

Where 𝑇𝐾𝑆 represents K.E of the non-interacting particles that can be written
as a K.E of the associated Slater determinant:

TKS  

1 N
 i r2i  i

2 i 1

(3.27)

The relation for the Hartree energy is 𝐸𝐻 (𝑛), which reveals coulombian
interaction energy of electronic density interacting by itself.
EH [ n ] 

1 n(r )n(r )
drdr 
2  r  r 

(3.28)

𝐸𝑥𝑐 represents exchange-correlation energy, which contains correlations
between electrons (quantum fluctuations) and indescribability of the electrons (Pauli‟s
principle). This fact also contains the difference between interacting particles (real
system) and non interacting particles (Kohn-Sham system). If the electronic density of
their ground state may be same, there exists no reason that density operator and K.E
for both systems is same.𝐸𝑥𝑐 is often termed as “melting pot‟‟ all effects cannot be
treated correctly.
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Schrödinger equation of the many-body system must be replaced by the
Schrödinger equation with non interacting system. So the Hamiltonian is written as:

H 


N
1 N


 r  s (ri )
2 i 1 i i 1

N
N
N
1 N



(
r
)


H
(
r
)

xc (ri )
 r  ext i 

i
2 i 1 i i 1
i 1
i 1

(3.29)
(3.30)

And with Hartree potential

 H (r ) 

 EH [ n]
n(r )

dr 
 n( r )
r  r

(3.31)

𝑈𝑥𝑐 𝑟 is exchange- correlation potential

 xc (r ) 

 Exc [n]
d  [ n]
  xc [n]  xc
 n( r )
dn

(3.32)

𝐸𝑥𝑐 is

Exc [n]    xc [n]n(r )dr

(3.33)

The energy functional 𝐸 𝑛 can be written as:
N

E[n]    i H  i
i 1

E[n]  



N

1
 i ri i   n(r )ext dr  EH [n]  Exc [n]
2 i 1

N
N
1 N
1 N
2
2
2
†

(
r
)[


(
r
)]
dr



(
r
)
dr


H

(
r
)
dr

 xc [n(r )] i (r ) dr




i
r
i
ext
i
i




2 i 1
2 i 1
i 1
i 1
(3.34)

We see that energy functional are monoelectronic operators. This means the
Schrödinger equation for the Kohn-Sham system can be solved for each electron
individually. So we can find individual wave functions by the solution of eign value
problem.

 1

   r  ext (r )   H (r )  xc (r )  i (r )   i i (r )
 2

𝜖𝑖 is the electron energy in the state|𝜓𝑖 (𝑟) .
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(3.35)

The Kohn-Sham ansatz is used to find the electronic density related with
ground state of interacting electron structure. However, the equation looks simple but
still there exist some problems: the relations for the exchange correlation energy
functional 𝐸𝑥𝑐 [n] analytically do not exist. If it exists then the exact ground state can
be found. Unfortunately, it does not happen and is necessary to approximate 𝐸𝑥𝑐 [n].

3.7 Solving the Kohn-Sham equations
The KS equations shows its extremelly effectiveness nature. By using
independent particle approach one can find E and exact density of the ground state of
many-body electron system, only remaining problem is exchange correlation energy
𝐸𝑥𝑐 which is not known and required to be approximations. Suppose that issue is
solved and we are able to find the ground state.
How we can explain Kohn-Sham equations? As we have seen that external
Kohn-Sham potential is dependent on the electron density n(r), which must be
consistent. The real solution in numerical computations successively changes n and 𝑣𝑠
to reach at the self-consistent solution as shown in figure 3.1
The use supposition used in this problem is that electronic density 𝑛𝑖 is
generated with the effective KS potential 𝑣𝑠 . The new electronic density is generated
after solving the Kohn-Sham equations. When self consistency is approached then the
calculations must be over, if it is not happened then we use new electronic density for
the generation of effective potential and is used to solve the KS equations [106].
Sometime, the achievement of self-consistency is a true challenge due to fact
that it is good choice for updating potential 𝑣𝑠 or n in each iterations of previous
progression. It is quite simple to describe in terms of unique electron density, while
the external potential is assumed unique modulo a constant. In our calculations, the
simpler approach is used called linear mixing. The electronic density for this approach
is input at step 𝑖 + 1 is assumed as a fixed linear combination of 𝑛𝑖𝑜𝑢𝑡𝑝𝑢𝑡 and 𝑛𝑖𝑖𝑛𝑝𝑢𝑡 at
step 𝑖.
ouput
niinput
 (1   )niinput  niinput   (niouput  niinput )
1   ni
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(3.36)

Figure 3.1: Schematic representations of self consistent loop for the solutions of
Kohn-Sham equatoins.
Other informatoion during calcutions is missing, so it is the best choice to
make and is moving in approximate direction for the reduction of energy. We cannot
obtain output density at one step as that of input density of the next step.

3.8 Approximate Exchange-Correlation Energy Functional
𝐸𝑥𝑐 [n] is called universal density functional, which had same analytical
structure for any type of material. However, its analytical form does not exist as
discussed earlier. There must be difference between K.E of real system and K.E of
Kohn-Sham system, which shows that these are not guaranteed to be equal. So 𝐸𝑥𝑐 is
the difference between these two energies. So it needs to be approximated, and there
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are many options are available but we shall discuss the most common assumptions.
The simplest and previously the ﬁrst approximation of EXC is the (LDA).

3.8.1 Local Density Approximation (LDA)
The effect of approximation is functional that can be happened extensively
used in applied density functionl theory. It depends on simple model called
homogeneous gas model, is capable to solve the exchange part systematically. In this
type of gas, all the properties are based on single parameter 𝑛(𝑟), that is
indistinguishable for any r so 𝑛 𝑟 = 𝑛0 . If we assume that exchange correlation
energy density at r, 𝜖𝑥𝑐 (𝑟), depends on density only which is equal to the exchangecorrelation energy per particle of 𝑛0 . In case of many systems we have to use 𝜖𝑥𝑐 for
system where 𝑛 𝑟 is not uniform. So the the Exc as a local functional can be
expressed as

ExcLDA[n]   n(r ) xchom (n(r ))dr

(3.37)

The exchange-correlations energy can be written as

Exchom [n]  Exhom [n]  Echom [n]

(3.38)

Where first part 𝐸𝑥𝑜𝑚 𝑛 is called exchange part and second part 𝐸𝑐𝑜𝑚 𝑛 is
correlation part.
The exchange part is calculated by Hartree-Fock methods, which is described
as[98]
5

3  3 3 4
Exhom [n]      n 3 (r )dr
4 

(3.39)

The correlation part can be obtained by fitting curve of analytical function by
using Quantum Monte-Carlo simulations for homogeneoues electron gas, which is
done by subtracting kinetic and known exchange parts of the total energy. The
typically used formulations are Vosko, Wilkes and Nussair [105], called VWN and
Perdew and Zunger [107], called PZ.
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LDA is very efficient, but it contains some weaknesses: lattice parameters are
underestimated and it has not abilaity to treat strong electronic correlations. Thus
many calcualtions has great accuracy while comparing with experimental results, this
is reason due to LDA is famous among physicists.
By considering spin of the electrons, LDA can be generalized to the magnetic
system. If we assume that the magnetic properites originates from intrinsic magnetic
moment of the electrons, we are dealing with two dissimilar electron densities: the
spin down and spin up electron densities. Basically, in this case we have two times
more equations for solution.
Now spin dependent exchange-correlation energy is necessary to define
𝐸𝑥𝑐 𝑛 = 𝐸𝑥𝑐 [𝑛↑ ,𝑛↓ ]. In case of collinear magnetism, we have to apply two exchange
correlation potentials:


xc

U 

 Exc n , n
 n


xc

andU 

 Exc n , n

(3.40)

 n

The generalized approximation is LSDA( local spin density approximation)
and exchange functional is
1

4
 
3  3 3   4
ExLSDA [n , n ]  2     n 3  n 3  dr
4  

2
3

(3.41)

3.8.2 Generalized Gradient Approximation (GGA)
The LDA is more accepted which shows coherent results with experimental
measurements, but electronic density 𝑛(𝑟) has no reason at r does not depend on the
electronic density aroud it. It is convenient to assume that 𝑛(𝑟) is not spatially
unifrom and the density at r depends on density about this position. The GGA method
is semi local approximation and is analogous to LDA, but considering now the
distinction of

the 𝑛(𝑟) by the Exc as a functional of density, but also include

functional of gradient and higher order derivatives.

ExcGGA[n]   n(r ) xc [n, n, 2n,.....]dr
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(3.42)

The important functional of this kind are those Perdew, Burke and Ernzerhof
(PBE) [108] and Perdew and wang(PW91)[109].

3.8.3 modified Becke-Johnson potential (mBJ)
The LDA and GGA reproduced the BS yet for the complex metallic structures,
but there was a problem with the band gap of semiconductor materials. The band gap
for both approximations cannot produce accuracy acquired experimentally, Becke and
Johnson (BJ) introducted BJ potential [110], that develops the band gap as compared
with LDA and GGA functionals which is written as

1  t (r )
 6  (r )

VxB,, J (r )  VxB,, R (r ) 

(3.43)


Where 𝜌𝜍 represents electron density and defined as:    i 1  i ,

N

2

and

t  i 1  i*, i , , where 𝑡𝜍 denotes kinetic energy density.
N

Blaha et al. [110] studied the correlation potential of the BJ[111] method, and
introduced the mBJ potential, ableto improved bandgap of semiconductors relative to
the LDA or the GGA. The mBJ potential is specified as:
 mBJ
VxTB
(r )  cvxBR, (r )  (3c  2)
,

1 5 2t (r )
 12  (r )

(3.44)

𝐵𝑅
𝜌𝜍 , 𝑡𝜍 and 𝑉𝑥,𝜍
(𝑟) are the spin dependent density of states, K.E density and

Becke-Russel potential (BR) correspondingly.
In TB-mBJ the value of c is computed as:

 1
C    
 Vcell

1

  ( r ) 3  2
cell  (r) d r  
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(3.45)

Chapter 4.

Band Structure Methods

In the previous study, Kohn-Sham equation is used to determine E and density
of ground state of a many-body scheme. Though, it is difficult to determines the n(r)
and kinetic energy with this technique. So the explanation is to develop the singleparticle wave-functionin the shape of basis function and Bloch theorem. For the
calculations of Hartree-potential it is proved that the plane wave act the Laplaceoperator (Δ) which has operator of K.E and Poisson relation, therefore the oscillations
of the charge density and 𝜓 𝑟 around the electrons are very fast, for the
deteminations of accurate results large number of plane waves are necessary. One
way is to avoid the problem of rapid oscillations of charge density pseudo potential
methods are used. Other method to cope such problems is FP-LAPW method is used
in suitable basis functions are important, and this method is used for the current
studies.
In this section we will dicuss introduction of recently developed method for
solving the K-S equation with the FP-LAPW+lo formalism. We establish a brief
picture of Bloch theorem, the original method of LAPW, APW and the perception of
FP-LAPW+lo method. Figure 4.1 shows summary of the electronic structure methods
that demonstrate a variety of methods. Which are used for various purposes,
applications, geometries and symmetries required for diverse approximations [112].

4.1 Bloch’s Theorem
Bloch‟s theorem [111] shows that the eign function 𝜓 𝑟 is written as the
product of function 𝜇(𝑟), which is periodic for the plane wave 𝑒 𝑖𝑘 .𝑟 and may be
expressed as if the potential V has translation symmetry.
 j (r )   C j ,G eiG.r
G
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(4.1)

Where 𝜇𝑗 represents the periodicity of the potential. Furthermore the 𝜇𝑗 can be
expressed below:

 j (r )   C
G

iG ,r

J ,G e

(4.2)
Here G is reciprocal lattice vector and can be defined as 𝐺. 𝑅 = 2𝜋𝑚. The
electron wave functions can be expressed as linear combination of plane waves:
 j ,k   C j ,k  GeiG.r

(4.3)

G

So each electron occupies definite k state and infinite number of electrons
gives the infinite k points.

Figure 4. 1: Schematic summary of the electronic structure methods.
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4.2 Augmented Plane Wave Method
The wave function of band number 𝜆 and Block vector k is the combination of
basis function linearly, which must satisfy the Block boundary conditions. The
electronic wave function is expressed as a plane wave in a periodic system [113]. The
plane wave formed a orthogonal basis set. So every electronic wave function is
written as,
 k  (r )   c k G exp[i(k  G).r ]

(4.4)

G

Where G is reciprocal lattice vectors, and 𝐶𝐺 is variational coefficients. This
works for pseudo potential only and it is not for potential which have singularity 1/r at
the nucleus, here the fluctuations are strong in the wave function.
Non overlapping muffin-tin spheres are introduced by Slater [114-116]. For
the particular case of muffin-tin potential, Block function can be determined with
suitable accuracy which has not complete basis set. In case of APW [117] the unit cell
is categories in two types: (i) the spheres around all atomic sites and is so called
Muffin-tin sphere (S) (ii) the other part remaining is called interstitial region (I) as
seen in figure 4.2 [118].

Figure 4. 2: (a) unit cell volume partitioned into muffin-tin sphere (S) and
interstitial region (I). (b) The 𝝍 𝒓 in black atomic partial waves in MT sphere
and red in region I
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The potential in the entire space can be stated as,

cons tan t r  IR
V (r )  
r  MT
 V (r )

(4.5)

It is assumed that electrons act like a free atom close to the nucleolus. In this
region, the atomic functions are efficient to discuss the behavior of the electrons. So
the wave function over the entire unit cell is written as



ei (G  k ).r
r  IR
G

 lm Alm (k )u1 (r ,)Ylm (rˆ), r  MT

GAPW (k , r )  

(4.6)

Where G is reciprocal lattice vector, k is Block vector, 𝑙 and m are orbital and
magnetic numbers, and 𝑢𝑙 denotes regular solution of the radial part of SWE.


APW
G


ei (G  k ).r

(k , r )  
G

 lm Alm (k )u1 (r ,)Ylm (rˆ)

r  IR
r  MT

(4.7)

V(r) is the spherical component of the potential and ℇ is the energy parameter.
𝜇𝐺

𝐴𝐿 (k) are to be determined by using the concepts of wave functions, which is
continuous at the region of muffin-tin spheres. Therefore, the APW‟s has set of basis
function which cover the whole space, where the function include plane wave in
interstitial region and sum of the functions, which are the possible solution of SWE to
a specified place of angular momentum quantum numbers and constraints ∈ inside
muffin tin spheres.
No doubt, APW is a good approach which can use to obtain true valence states
in real potential. But, APW method requires use of and energy dependent secular
equation which is not practical for more than simple solid states systems. There is no
clear way to make full potential. The asymptote energy does not match at the energies
where 𝑢𝑙 zero on the boundary of sphere. This is happened in certain problems
particularly in case of d and f band materials. The flow chart of APW method is
shown in figure 4.3.
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Figure 4. 3:Flow chart of APW method.

4.3 Linearized Augmented Plane Wave Method (LAPW)
In LAPW method [119], the valence electrons (weakly bonded) are described
well by plane wave, which are the solution of the Hamiltonian contains zero potential.
The core electrons feel only the nucleus to which it is bonded and so it is described by
spherical harmonics. The LAPW method combines these two basis sets by
surroundings up muffin-tin sphere on each atom. The rest of space is interstitial
region.
The linear combination of the radial times spherical harmonics 𝑌𝑙𝑚 (r) is
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k  [ A
n

lm

ul (r , El )  Blm,kn ul (r.El )]Ylm (rˆ)

(4.8)

lm, kn

Here 𝑢𝑙 (𝑟, 𝐸𝑙 ) represents the solution of radial SWE for the energy𝐸𝑙 , and
contains spherical nature of the potential. 𝑢𝑙 (𝑟, 𝐸𝑙 ) denotes energy derivative of 𝑢𝑙
solved with same energy 𝐸𝑙 . The radial function linearization is constituted by liner
combination of two wave functions, the value of 𝑘𝑛 can be found by the condition
that basis function relates to the corresponding function of the interstitial region. By
using the concept of numerical integration of radial SWE mesh within the sphere, 𝑢𝑙
and 𝑢𝑙 are calculated.
The electrons are classified into two types on the basis of chemical bonding by
other atoms. The first type of electrons are said to be core electrons, extremely bound
to the nucleus thus entirely localized in the muffin-tin sphere, and the respected states
are said to be core states. The second kinds of electrons are called valence electrons,
which are to be skipped with MT sphere and bond by other atoms. Thus for numerous
elements, the electrons are not to be distributed like this. Some states which are
neither occupied by core, nor are valence states termed as semi-core states. It has
same value of angular quantum number as for the valence case but lower value of n.
LAPW method is used for the observation of semi-core states by the concept of local
orbitals. Local orbitals only depend to one atom which has specific properties, and do
not based on K and G. They are said to be local due to confirmation of muffin tin
spheres and has zero value of interstitial region. When LAPW is applied on such
states, it is not possible to find ∈ to find the two same 𝑙. This problem is solved by
introduce of local orbitals (LO) which is written as

lmLO  [ Almul (r , E1,l )  Blmul (r , E1,l )  Clmul (r , E2,l )]Ylm (rˆ)

(4.9)

The coefficients (𝐴𝑙𝑚 , 𝐵𝑙𝑚 , 𝐶𝑙𝑚 ) can be obtained by the condition that ∅𝐿𝑂
must be normalized exhibits zero value and slope is at sphere boundary.
LAPW method is extended to the non-spherical MT potentials with
some difficulty due to basis has enough variational domain.
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4.4 Full Potential Linearized Augmented Plane Wave Method (FPLAPW)
The (MT) approximation is commonly used in the APW and LAPW methods
since 1970. This approximation is proficient in extremely coordinated systems, as the
face centered metallic structures but for the covalent bonding and open composition
solids is not much capable. Therefore, for the improved findings for these compounds,
shape estimate, such type of systems are tackled with FP-LAPW method.
The accurateness of the LAPW+LO approach is further improved by the use
of full potential (FP) [120]. The potentials is assumed to be constant at interstitial
region and spherically inside muffin-tins. This technique is used for structural phase
transition of the semiconductors, plane waves is increased in the basis set, for the
reduction of structural properties of the system precisely. The unit cell is separated
into two regions as seen in figure 4.4.

Figure 4. 4: Flow chart of APW method The unit cell divided into muffin tin
region and interstitial region
In FP-LAPW approach, the charge density and potential are extended into
lattice harmonics in each atomic sphere and Fourier series in the interstitial area.

  G VG eiG ,r
r  IR
V (r )  
 lm Vlm (r )Ylm (rˆ) r  MT

38

(4.10)

Hence, the plane wave calculates the SWE in interstitial region, and the
solution of SWE in the MT region is formed by the product of spherical harmonic
times the radial solution.

4.5 The Wien 2k code
Wien-2k is the most reliable and fastest simulation code among the
computational methods. All the computations performed on Pyrochlore materials by
using this code. This code is surrounded in the framework of DFT, it is basically full
potential all electron code invented by Blaha et al. [121] at Wien university, Austria.
Wien 2k has numerous independent F90 programs, which are connected mutually via
C-shell scripts. This code is based on KS computations of (DFT) [122-126].
We have studies in previous chapter, how complex problem many interacting
system reduce to SWE. For the solution of these equations we have formed effective
Hamiltonian operator, which depends upon electronic system and electron density.
The process by which SWE solved within Wien-2k is shown by the flow chart
diagram 4.4

4.5.1 Basis Function
For the representation of electronic wave function, we required solving the KS
equations besides exchange correlation potential plus full potential, we have to
employ a set of basis functions. The electronic structure computations are done by
expanding in basis sets of the atomic orbitals. Wien-2k is used for the entire
calculations in the density functional theory (DFT). The Wien 2k code is used to
describe the properties (such as electronic structure, optical properties and magnetic
properties) of the materials by full potential LAPW+lo method. This program contains
two parts, first is initialization and second is the self consistent calculation. The
initialization is related to structure file which has information about the system of
atoms, atomic positions, lattice parameter, muffin tin radii etc. however, the
overlapping between symmetry of unit cell and different muffin tin radii can be
checked by NN, SGROUP and SYMMETRY [127].
Next step is to estimate the atomic densities in a unit cell, which are done by
LSTART and KGEN. These are used in the combination with other input files for the
finding of suitable k-mesh, which provides information about the k points in BZ. The
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final pace of initialization is to find the initial electron density DSTART, this electron
density is dependent of the superposition of atomic densities. Self consistent
calculations can be started when starting density is obtained firstly. This process is an
iterative and repeated over and over upto achieving of convergence, and the
calculations are self-consistent. LAPW0 initiates and calculate the exchangecorrelation and coulomb potential [128]. Then LAPW1 method is used for the
solution ok k-values in k-mesh with the help of Kohn-Sham equation. The Subroutine
LAPW2 method is suitable for finding of Fermi energy, which separates the filled and
unfilled levels. From this energy we can find the eign function by using LAPW1,
from this valence density also obtained. Total density is obtained by combining the
valence and core densities. The new and old density is mixed by MIXER, after
completion of each cycle Wien-2k is used to check the convergence between two
densities. If there lies difference between old and new density, then new cycle will run
by choosing another input density, and process is going on until both the densities
become consistent. At this stage self-consistent cycle vanished, by using Wien-2k,
spin polarized calculations also performed with the help of same concept discussed
above, but only difference is that splitting these two parts one for down electrons and
the other for up electrons. Consequently, we can find density of states, electronic,
Structural, magnetic and optical properties with Wien-2k.

4.5.2 Steps to Precede the Simulations Using Wien 2k.
 Generation of Structure
 Space group selection of the chosen material.
 Lattice coordinates.
 Selection of appropriately fitted Rmt‟s of atoms in unit cell structure.
 To import the cif file.
 Initialization
The materials are initialized through step by step process.


Detection of the symmetry.



Generation of automatic input.



Selection of k-points generated in irreducible edge first BZ.



Minimum separation energy required to stabilize the unit cell structure.
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Figure 4. 5: Schematic diagram of Wein2k
 SCF Calculations
For the solution of ground state electron density, we have to solve Kohn-Sham
equations by iterative method is called Self Consistent Field (SCF). The Hamiltonian
operator can be set by using the concept of atomic densities in electronic system
which is at position of atoms. By using this concept, we solved Kohn-Sham equation
and derive relation for electron density, and add up the electron density of all
occupied states [129,130]. The new value of electron density helps us to estimate new
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potential as well as Hamiltonian operator. We repeat these steps until the convergence
is achieved (total energy of crystalline system). These results are independent of the
starting potential and hence self-consistent, and are good starting point for the
production of new electron densities. During self consistent functional, we have to
make the appropriate selection regarding the nature of chosen materials. For a nonmagnetic material there is no need to chosen the spin polarized option. In case the
material is magnetic then following steps are necessarily been considered


Spin-polarization



Spin–orbit coupling (strongly localized electronic system).



Choice of diagonal matrix in strongly correlated systems.



Electron and charge convergence limit.

After the successful completion of SCF, different properties of selected problems are
analyzed like lattice constants, bulk modulus, cohesive energy, electronic structures,
DOS, optical response etc.
Some additional packages are also available for this code to analyze the elastic
and thermal behavior of the materials under a wide range of pressure and temperature.

4.5.3 Applications of code Wien 2k
The Wien 2k is used to estimate the crystal structure properties lying on the
atomic scale by employing LAPW method within DFT, the precise approach for
solving the KS equations. The benefit of first principle technique lies in the fact that
this is done without experimental data. In Wien-2k the optional basis set (APW+lo)
[131] is used within the atomic spheres for chemically important orbitals, while
LAPW is applied for others.
The problems measured so far in quantum mechanics using the LAPW method
engaged in a variety of versions of the code Wien-2k, have enclosed a wide range,
with particular insulators, semiconductors, metals upto f-electron systems and also
intermetallics compounds. A variety of applications are briefly introduced as follows:

4.5.4 Structural Optimization
In certain cases where atoms engage on universal positions, which are not set
by symmetry of compounds, by knowing the forces on the atoms leads to optimize the
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parameters. The (Rmt) of the atoms is also optimized as a function of energy of cell
volume.
The cutoff parameter (𝑅𝑚𝑡 𝐾𝑚𝑎𝑥 = 6 − 9 ) is controlled by convergence of basis set,
where 𝐾𝑚𝑎𝑥 denotes magnitude of highest K vector and 𝑅𝑚𝑡 represents smallest
radius in unit cell. If the value 𝑅𝑚𝑡 is increased, then a plane wave can move to the
nucleus and closest point goes farther from the nucleus.

4.5.5 K-Points Optimization
The output of a SCF run gives the physically relevant Hamiltonian operator as
defined by the SCF charge density. The knowledge of the Hamiltonian operator
allows us to extract the one particle energies and wave functions for any set of kpoints. The k-point meshes for BZ estimation can be formed by Monkhorst-Pack
technique [118]. The electronic energy is held responsible for the variation of kpoints for the assurance of convergence of k- points.

4.5.6 Equilibrium Volume and Bulk Modulus
The total energy (E) can be deliberated by means of self-consistent run and
thus expressed as the sum of Hartree energy, K.E of electrons, XC energy, Ion-ion
energy, Ion-electron energy. We have done a number of computations of the total
energy for different lattice constants to attain the value of lattice constant where total
energy is minimum. The consequences thus obtained are fitted Murnaghan‟s equation
of state [132].

4.5.7 Total Energy and Phase transitions
The virtual stability of unusual phases can be calculated by the total energy.
With the information of total energy, the constancy of different stages are calculated
by maintenance as several parameters as probable in order to contain a termination of
methodical faults. In these cases it is possible to maintain numerous parameters
constant as probable in order to have a termination of systematic errors. These
parameters for instance, the atomic size of spheres, the k-mesh, plane-wave cut-off
the DFT functional the management of relativity etc. since the energy differences are
minute, so a reliable action of the systems to be compared assist to reduce these
computational effects.
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The phase transitions from one crystal structure to other are determined by
calculating the enthalpy in each case on inducing the effect of pressure. We have
plotted the total enthalpy in each crystal lattice against the range of pressure generated
in correspondence of cell volume. The slope in energy versus cell volume curve also
gives the complete information about high pressure phase transition.

4.5.8 Band Structure and Density of States (DOS)
The energy BS and equivalent DOS are well known properties that conclude
the electronic structure of a scheme. Their assessment gives information regarding the
electric properties and provides impending into the chemical bonding. The DOS is the
key quantity in DFT, by Fourier transform the static structure factors is determined
easily, and it may be compared by the experimental results and analysis of the crystal
electronic structure permits direct insight and interpretation of experimental data (e.g.,
photoemission spectra) and determination of the material properties (optical,
electrical, mechanical, magnetic and so on). Furthermore, a detailed understanding of
the bulk properties is a necessary condition for a better understanding of more
complex phenomena such as e.g., surface physics / chemistry.
The electronic structure computations for solids can be permitted by this code
with DFT. Wien-2k is one of the popular electronic structure codes used to do
calculations by the FP-LAPW technique. Moreover, it is one between the most
accurate methods for (BS) calculations. It is focused on FPLAPW+lo method. We
have used the optimized geometry obtained through a self consistent process to study
the electronic structure of the crystal lattice of the substance. As, we have earlier
discussed in this chapter that LSDA and GGA functional are not sufficient to give the
complete view of electronic states in strongly localized orbitals. Hence the U
parameters are also been added during the SCF run.

4.6 Theory of Optical Properties
The Optical Properties of the compounds gave considerable source for
investigation of localized defects, lattice vibrations, excitons, impurity levels, energy
band structure, and magnetic excitations. There are many ways of interaction of light
with matter e.g when light of a specific energy incident on the surface of material,
electrons transitions occur between the occupied and unoccupied VBs and CBs
respectively. These transitions are responsible of information related to the energy
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bands. So the (OP) are mainly associated to the band structure. The dielectric function
is key parameter for the optical properties of the materials, which is written as

 ( )  1 ( )  i 2 ( )

(4.11)

Where 𝜀1 𝜔 and 𝜀2 𝜔 are the real and imaginary part of 𝜀 𝜔 . Inter-band
and intra-band transitions are the key effects which are happened in dispersion of
complex dielectric function.

4.6.1 Intra-band transitions
Intra band transitions are those in which excitation of electrons takes place as
of a partly filled band to an empty state in the similar band, as exposed in Fig. 4.6.
Intra-band transitions are mainly significant in metals and gave generally to the
dielectric function. If we assume that just the electron-phonon interactions, the actual
band transition is not possible, as essential momentum changes with transition to a
new state in the same band cannot be supplied by the photon. Furthermore, this is
achievable with instantaneous scattering of portable carrier by phonon. By applying
classical technique Drude predict a theory for suchan absorption method, which is
known as the Drude model.
The core formation in this model is by assuming the action of quasi free
electrons, so by analyzing effects of electric field of EM wave, optical conductivity is
also calculated. Furthermore, the intra-band absorption is developed in classical
dispersion theory. The equation of motion for electron of charge e and mass m is
written as


d 2x

dx
me  2  
 02 x   eE0 exp(it )
dt
 dt

(4.12)
Here 𝛾 is damping constant and 𝑚𝑤02 is restoring force which is applied to
electron binding. This gives to the following relations:

 Ne 2  

1
 ( )  1 ( )  i 2 ( )  1  
 2

2
 me 0   0    i 

(4.13)

From optical measurements the dielectric functions could not find
experimentally, but the absorption coefficient 𝐼 𝜔 , extinction coefficient𝐿(𝜔),
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refractive index 𝑛(𝜔) and reflectivity 𝑅(𝜔) can be calculated directly. These
experimentally computed values are expressed as:
I ( )  2( )

L( ) 

12 ( )   22 ( )  1 ( )

(4.14)

 2 ( )
 ( )   22 ( ) 

(4.15)
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(4.16)
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(4.17)

The above discussed functions are related to electric polarization and electric
field is expressed as



P   ij E j
Here

𝜀 𝑖𝑗

is

second

rank

tensor

(4.18)
containing

six

components: 𝜀 𝑥𝑥 𝜔 , 𝜀 𝑦𝑦 𝜔 , 𝜀 𝑥𝑥 𝜔 , 𝜀 𝑥𝑧 𝜔 , 𝜀 𝑥𝑦 𝜔 , 𝑎𝑛𝑑 𝜀 𝑦𝑧 𝜔 ,

independent
based

on

symmetry of crystals may be some components zero. All these components are
concerned in clarifying the nature of the dielectric function of crystals having triclinic
and monoclinic symmetry. For the uniaxial symmetries 𝜀 𝑥𝑥 𝜔 = 𝜀 𝑦𝑦 𝜔 which is a
case for trigonal and hexagonal symmetry. In case of cubic symmetry all the diagonal
components are equal [133].

4.6.2 Interband transitions
Inter-band transitions are the mainly universal fact in semiconductors. The
transition occurred vertically upward in the reduced Brillouin zonemethod is known
as interband direct transition shown in figure 4.6. The second type of interband
indirect transition is formed at the high temperature state, where at finite temperatures
enough phonons are there. So the electron absorbs mutually the phonon as well as
photon energy. Consequently, the transition is not vertical in the reduced zone
method, observe Fig. 4.6 b.
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Figure 4. 6(a): Intra-band transitions

Figure 4. 6 (b): interband direct transitions
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Figure 4. 7 (a): interband indirect transitions [152]
Dielectric function investigates extremely constructive information regarding
the optical character of the materials. From the (OS) of metals, semiconductors,
information about the peaks are observed mostly in range of energy 2.3~ 10 𝑒𝑉 in the
shape of peak is seen at edges etc., in absorption v/s energy curve, and by the
acceleration of electric field of the light waves plasma oscillations are also observed.
Such type of structures are observed due interactions of electrons with photons, and
thus excitations take place which allow the transition from one band to other shown in
figure 4.7 a [134].

Figure 4. 7 (b) : inter band transition
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This kind of transition takes place simply in insulators, semiconductors or
their alloys, as the CB is fully unfilled in such types of compounds. The Drude
absorption is not probable for such cases. So quantum transport theory is developed
for such problem, where the electron-photon interactions are considered as exciting
part of Hamiltonian. The total Hamiltonian (H) is given as

H


1   e 
 p  A   V (r )
2m 
c 

(4.19)

Here A is vector potential, p and 𝑉(𝑟) represents momentum and periodic
crystal potential respectively. So, one electron H without optical field can be written
as

H0 


p2
 V (r )
2m

(4.20)

The above equation is relation of occupied and unoccupied bands coupling via
optical field, this also rely on matrix element to the coupling of EMF perturbation
H ( r , t ) 

e  
P. A.
mc

(4.21)

For plane wave, vector potential is given as:

 

A  A0 exp[i ( K .r  t )]
Here 𝐾 =

𝑛𝜔
𝑐

function of 𝑟. 𝜔 =

(4.22)

, which is for the medium exist less loss and varying slowly as a

2𝜋
𝜆

,where 𝜔 is optical frequency, 𝑛 real part of index of refraction

and 𝜆 is wavelength of light.
Other optical constanst can also be calculated, such as conductivity expressed
as

 ( )  2WU   2
E0

(4.23)

The imaginary part of complex dielectric function is given as

 2 ( ) 

  2
4e2
dk
e .M ev  ( Ec  Ev   )
 2 m2 2 
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(4.24)

The real part of dielectric function is calculated by imaginary part with the
Kramer‟s Kronig relations


2

1 ( )  1   2
 ( )d 
 0    2

(4.25)

4.7 Magnetic Properties
Magnetic properties of the materials show their behavior of response towards
diamagnetic, paramagnetic or ferromagnetic nature. Using spin-polarized BS
calculations magnetic properties of these materials are studied. After calculating the
entire energy of the system consequent to the equilibrium lattice volume, the magnetic
moments are calculated by analyzing the case, Scfm file.
The values of magnetic moments related to the interstitial sites, number of
atoms, and total magnetic moments are specified independently. The fixed spin
magnetic moment (FSM) [135] method based on the augmented spherical wave
(ASM) method are used to examine the magnetic moments as a function of total
energy. To compute the properties of magnetic systems we have to expand the
LAPW. This study of magnetic nature is used a rotated spinors basis set in atomic
spheres and the pure spinors within the interstitial sites. For heavier elements and
strongly correlated systems, both the atomic moment approximation and addition of
spin–orbit coupling (SOC) and Hubbard U correction should be involved.

4.8 Thermoelectric Properties
Thermoelectric properties are effects between two different metals which
occurred in certain materials due to temperature difference, and produce electric
potential. The history about thermo electricity in various stages is shown in figure 4.8.
The phenomenon behind thermoelectric properties is Seebeck coefficient, Peltier
effect and Thomson effect. In available literature, a significant consideration has been
specified to thermoelectric materials due to their constructive applications, e.g.
thermoelectric coolers, electric generators, photon sensing devises, clean energy, and
mechanic free heat pumps. The selection of materials for the TE is based on
dimensionless quantity known as figure of merit [136].
The brief description of the theory can be studied by software implementation.
Lattice dynamics is an important aspect to study properties of materials. It concerns
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with the vibrations of the atoms about their mean position. These vibrations are
entirely responsible for thermal properties viz. heat capacity, thermal expansion,
entropy etc. As thepressure andtemperature of the material fluctuate, it can vary the
density of the material which shows the thermal expansion contraction inside the
material leading to important and interesting results.
The amount of energy given to lattice vibrations in the crystalline solids is the
dominant contribution to the specific heat which is a measure of degrees of freedom
to absorb energy. The increased value in heat capacity may be correlated to the fact
that the large value of the magnetic moments corresponding to the higher value of
temperature becomes ordered. The thermo physical properties of the lanthanide
intermetallics compounds chosen here are calculated by using an additional package
named GIBB‟S [137].

4.9 Boltzmann Transport Theory
The factor which estimate the efficiency to convert applied voltage to heat and
vice versa of the thermoelectric materials is dimentionless parameter the figure of
merit ZT. It has large value of electrical conductivity and small value of thermal
conductivity. ZT is very important part in the thermoelectric materials is to optimize
this factor [138].

S 2 T
ZT 
ke  kt
ne2 ( E f )

m

1
 2 k B2 
S 
ln[ E 2 ( E )]E  
3e E
 2 k B2
k 
T
3e 2
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(4.26)
(4.27)
(4.28)
(4.29)

Figure 4. 8: Efforts of increasing ZT
Where some important transport properties can also found, which are called
transport properties.


𝑆 is Seebeck coeffecent,



𝜍 is electrical conductivity,



𝑘𝑒 is electronic thermal conductivity,



𝑘𝑙 is lattcie thermal conductivity,

Equation 4.26 clearly indicates that there is inverse relation between ZT and
thermal conductivities and direct relation in the ZT and electrical conductivity as
shown below
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Figure 4.9: Depencence of seebeck coefficent, electrical conductivity, thermal
conductivity due electrons and phonons and power factor on the charge
concentration
Boltzmann trasnport equation [139] is helpful to find the above mentioned
propreties execept 𝑘𝑙 . In this case we consider fluid of electrons, and the statistical
behaviour in thermdynamic equalibrium can written in equations will be written in SI
units.
df (r.k , t )
F f (r , k , t ) f (r , k , t )
  r f (r , k , t ).vk   k f (r , k , t ). 

dt

t
t

(4.30)
scatt

With


𝜖𝑘 represents energy of electrons with momentum k,



𝑓(𝑟, 𝑘, 𝑡) is the distribution of the electrons which is space and time
dependent,



𝐹 is force giving birth to their groups moton,



𝑣𝑘 is group velocity of the electrons with k.

Vk  Vk k
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(4.31)

The electrons are responsibe for the submission of temperature gradient and
electric field. Under these constraints, the distribution of electrons reached to steady
state. For the steady case time variation is much smaller for distribution function than
space variation distribution, so

𝜕𝑓
𝜕𝑡

is neglected. The boltzmann equation can be written

as
VK .

f K
f
f
T  VK .(e) K E  K
T
 K
T

(4.32)
scatt

Where T is temperature, (-e) is electron charge, and E is electric field. Under
the approximation of relaxation time, which shows linear evolution from steady state
and equlibrium, on applied electric field and temperature follows
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( ek   )

e
1
where
is electronic distribution at the equlibrium, 𝝉𝒌 is relaxation time, and 𝝁 is
chemical potential.
k BT

𝒇𝟎𝒌

Now consider electronic current and thermal current which are due to applied
electric field and thermal gradient. Follwing expressions are associated with sources
of motion and their coefficents:

J  LEE E  LET T

(4.37)

Q  LTE E  LTT T

(4.38)

The electrical conductivity can be written as

J   E    LEE

(4.39)

The thermal conductivity is written when there is no current


L .L 
Q  k T  k    LTT  TE ET 
LEE 

54

(4.40)

The Seebeck coefficent can be written when there is no current by using above
equations

E  ST  S  

LET
LEE

(4.41)

As the boltzmann equation can be expressed as

f k  f k0   k vk .

f k
f
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 k

(4.42)

If we assume that steady state is small variation from the local equlibrium
distribution function, so 𝑓𝑘0 ~𝑓𝑘 and derivatives can be written
0
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 k   f k
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Now linearlized boltzmann equation is

f k0
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If we write thermal current Q and the electric current J in steady state
electronic distribution, and considering only electronic transport
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𝜕𝑓 0

Where Ω is unit cell volume of crystal. As 𝜕𝜖𝑘 has significance value about the
𝑘

fermi level, and the electrons which participated to conductivity are those whose
energies are around the fermi level.
However some transport properties are anisotropic, they must be expressed in
tensors. The density of states, the conductivity distribution tensor is basically
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distribution over energies which is stated in equation given below, shows conduction
electrons contribution with energy.
  ( )  e2  k  (k )  (k ) (   k )

(4.48)

k

When we assume for any quantum state k, relaxation time is constant then
conductivity distribution can be exressed as
  ( )  e2   (k )  (k ) (   k )

(4.49)

k

When the integration is made on all energies, then total transport properties
can be evaluated as.
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(4.52)

Chapter 5.

Effect of Coulomb interactions on optoelectronic and
magnetic properties of A2V2O7 (A= Fe and Co)
5.1 Computational details and band structure description
The study related to magnetic along with electronic properties of Fe2V2O7 and
Co2V2O7 (see the crystal structure in Fig.5.1) has been performed within the
framework of DFT theory [130, 140] and was achieved by using (FP-LAPW) method
employed in Wien-2k code [115]. As primary input configuration, we have used the
experimental crystallographic parameter of Fe2V2O7 and Co2V2O7 as explained in the
main experimental works [141]. In this model the unit cell is considered as a
superposition of MT spheres of atom as well as interstitial region (IR). Convergence
of plane wave basis set is attained at the cut-off parameter RMTKmax set at 7, here the
term RMT shows smallest MT radius and Kmax is major value associated with K-vector.
For expansion of wave function the maximum value of angular momentum within MT
radius, selected as 10.
All calculations are done with relaxed geometry achieved at forces on atoms
less than 1mRy/a.u. The recognition of Self-consistent field is controlled by 10-4 Ry
which is sum of system energy. The charge convergence precision is less from 0.1
mec. Exchang ecorrelation is performed inside GGA and by optimizing effective
Hubbard parameter, U=6.0 e V.
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Figure 5. 1: Crystal Structure of Fe2V2O7 and Co2V2O7

5.2 Crystal Structure and Bulk Moduli
The configuration of Fe2V2O7 and Co2V2O7 have cubic structure/symmetry
with space group 227 in which have lattice parameters (a=b=c= 8.46090 A 0). The unit
cells for both materials contain two formula units. To analyze properties of ground
states as of Murnaghan‟s relation [142], for example bulk modulus, lattice constant,
cohesive energy and the respective derivative w.r.t P (pressure) by setting summed up
energy related to unit cell volume as given in figure 5.2. Fig. 5.2 makes clear that
probable stable volume for Co2V2O7 and Fe2V2O7 is present at lowest total energy.
At the stable volume we have achieved the values of bulk modulus B (GPa) along
with bulk modulus‟s pressure derivatives at 226.4891 and 4.6308 Pa (225.9867 and
4.437 Pa for Co2V2O7 (Fe2V2O7). The bulk moduli B were calculated by GGA. Fig.
5.2 indicates that compressibility goes down with replacement of Co by Fe.
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Figure 5. 2: Volume verses energy Plot for Co2V2O7 and Fe2V2O7

5.3 Electronic structure: Band structure,Density of states

and Ef
The studied compounds contained confined d orbital electrons, at these states
the spin orbit coupling play vital role and it cannot be observed. Simple GGA
approach is not good for the calculation of electronic structure for such types of
compounds. So GGA+U+SOC approximation implemented efficiently in the strong
interrelated scheme, is applied to explain appropriately the d-d coupling. The
computed band structures of Fe2V2O7 and Co2V2O7 are available in Fig. 5.3(a-d). By
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setting fermi levelat 0eV,we observed that VB and CB overlapped at fermi level, this
clearly represents that the studied compounds have metallic nature.
Fig.5.3 shows that Fe2V2O7 spin up/dn Fe-d states are moved well above
Fermi level and indicate metallic nature of the compound. For Co2V2O7, Co-d states
for spin up case are situated above Fermi level and for spin down case are below the
level and exhibits intermetallic nature.

Figure 5. 3:Band Structure for Co2V2O7and Fe2V2O7
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For better understanding of electronic states TDOS as well as PDOS are used
for both compounds in case of up and down spin channels. Figure 5.4(a-h) shows the
PDOS and TDOS for the Fe2V2O7 and Co2V2O7 materials within the GGA+ SOC+U
(U=6.0 eV) technique at various energies.
Partial density of states (see Fig. 5.4 (c-h)) verifies that GGA+SOC+U
correlation strongly influence Fe-3d6, Co-3d7 and V-3d3 states in Fe2V2O7 and
Co2V2O7 materials. The DOS for up and down spin channels demonstrates a
significantly asymmetric performance in the states for the particular elements in
Fe2V2O7 and Co2V2O7 but between them the Fe-d is completely asymmetric being
exposed by Figure 5.4(g, h, i). The Hubbard parameter is responsible for splitting of
Fe-3d6, Co-3d7 and V-3d3, states which are unoccupied and occupied, and as a
resulting reduces 𝑁𝐸𝐹 at fermi level (FL). Where magnitude of 𝑁𝐸𝐹 is extremely
concentrated in spin down because of U=6.0 electron volts applied to „d‟ states of Fe.
In spin down area the d electrons containing localized states and vanishing from
vicinity of the fermi level. From the whole projection of Fe2V2O7 and Co2V2O7 states
in all materials, it can be observed that this is dispersed in VB identically to further
electronic bands at similar energy choice and is bounded by atoms, confirming the
significance of d states for the electronic and magnetic properties. The bands,
particularly the Fe-3d6, Co-3d7and V-3d3atoms demonstrate significant hybridization
with up spin states about Fermi level (valence band).
At the Fermi level admixture of states is unimportant for the down spin part
excluding X atoms of p states inclusion to the d states of Fe-d, Co-d and V-d atoms.
The inner portion of the valence band is mostly formed from the d states of atoms of
Fe/Co/V (look at Figure 5.4(d, e, f). „d‟ states related to Fe/Co/V positioned among
the Fermi level shows a strong interaction between them. Moreover, it is established
a strong involvement of Fe-d, Co-d and V-d states in DOS along entire range of
energy in spin up, whereas for downwards spin just CB is described through Fe-d, Cod and V-d states. Therefore, we establish in broad the same distinction in PDOS for
Fe2V2O7 and Co2V2O7. The only dissimilarity that we can observe now are the PDOS
of Fe2V2O7 and that expanded to low energies in the valence band, also magnitude of
the peaks reduced in these compounds is comparable to other compounds. These
states of Fe2V2O7 and Co2V2O7 are hybridized with each other and Fe-3d6, Co-3d7 and
V-3d3states (spin down) that look non-hybridized. In electronic configuration the
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electronic bands of Fe2V2O7 and Co2V2O7 upon the fermi level consist of d states
belonging to Fe/Co/V. For the better understanding electronic structure of the sample
Co2V2O7 the spin polarized band structures is plotted, as seen in Fig. 5.3(a-d).
The band structure of Co2V2O7 shows inter-metallic behavior as shown in
5.3(c,d).

The

configuration

of

the

band

gap

in

case

of

semi-metal

mixtures/compounds is attributed to hybridization among Co-d states. Bands formed
with blue color are due to d-states, obviously cross Ef in band structure of polarization
of the majority spin. The O-2p4 bands are located below - 2 eV, while the bands from
EF up to 3.5 eV are occupied by Co-3d7.
Because of addition of U parameter to GGA, we observe huge spliting in Fe3d6, Co-3d7 and V-3d3 states, from which different values of the magnetic moments
are obtained. Rare earth materials indicate higher values of magnetic moments due to
presence of highly localized states, thus they form a wide spectrum of magnetic
properties. For the calculations of magnetic properties of Fe2V2O7 and Co2V2O7 spin
polarization computation is used. The value of spin-polarized magnetic moments is
19.356 µB (Fe2V2O7), 14.002 µB (Co2V2O7), and main contribution is the Fe/Co atom.
For all compounds the DOS performed approximately alike with GGA+U+SOC and a
small shift is obtained in states about fermi level in neighbor of VB in minority spin in
competition with majority spin.
Making use of GGA+SOC+U, electronic densities (𝑁𝐸𝐹 near FL) for upwards
1

as well as downspin and electronic specific heat (𝛾 = 3 𝜋 2 𝑁𝐸𝐹 𝐾𝛽 2 ) is calculated
using GGA+U+SOC. It is obvious from expression that specific heat is only depends
on 𝑁𝐸𝐹 , due to all other constant terms. So we have to compute specific heat from the
value of 𝑁𝐸𝐹 . In the present work the computed values of 𝑁𝐸𝐹 for Fe2V2O7 and
Co2V2O7 are 1.164/11.901, 4.401/0.00 (states/eV) and for 𝛾 they are equal to
1.837/0.214, 0.725/0.177 and 0.663/0.328 (mJ/mole K2) forup and down spinning
states, correspondingly. The outcomes reveal exchange of Fe and Co at site
acknowledges the reduction of 𝑁𝐸𝐹 and 𝛾, for the case of up and down spin.
Consequently, it shows that the GGA +U influence the physical properties of Fe2V2O7
and Co2V2O7 in the similar ways.
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(a)

(b)
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(c)

(d)
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(e)

(f)
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(g)

(h)

Figure 5. 4 (a-h): TDOS and PDOS for Co2V2O7 and Fe2V2O7
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5.4 Fermi Surface (FS)
For the complete clarification of electronic structure, we determined Fermi
surfaces for accessible orbital for Fe2V2O7 which is ferromagnetic in nature, for both
spin up and down case and only spin up case for Co2V2O7 due to its intermetallic
nature , intend to investigate the promising applications like magnetic, electrical and
thermoelectric properties. Fig. 5.5(a, b, c) depicts the configuration of the examined
compounds Fe2V2O7 and Co2V2O7 near Fermi bands selected highly symmetric points
in first BZ. Electrons placed near fermi level play role for conductivity, the band
structure and DOS of naturally metal become obvious as of fermi surface. To get
complete information of the states FS has explored. Those orbitals which are crossing
the Fermi level beside the Γ − 𝐹 direction are tagged as 65-67/62-64 (Fe2V2O7,
up/down), 75-76 (Co2V2O7, Up). The FS of Fe2V2O7for Up/Dn contains three/three
sheets and Co2V2O7 two sheets for spin up case. These sheets are related to the
various energy bands crossing the fermi level in the materials. Fig. 5.5(a), 5.5(b) and
5.5(c) reveals the combined FS structures of Fe2V2O7 for Up/Dn and Co2V2O7 for up
formed from the particular sheets. The FS of Fe2V2O7 and Co2V2O7 compounds
possess set of holes along with electronic sheets. The vacant section contains carrier
holes, while the drawn section consists of carrier

electrons. Moreover FS are

extremely constructive to explain the importance of electrons in structure, whose
topology is associated to transport properties to compounds mostly with electrical
conductivity. For compounds under investigation, the topology of conductivity is
almost different from one another as clear from FS iso-surafces.
Additionally, the change in color for FS takes place due to variation in
velocity of electrons. Specially red as well as violet colors are revealing fast electrons
while the other colors are associated with the slow velocities of electrons because of
intermediary electronic velocity. The topological investigation of FS shows that
Co2V2O7 (spin up) improved electrical conductivity as compared to the Fe2V2O7 (up
and dn).
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(b)

68

(c)
Figure 5. 5 (a-c): Fermi surface of Merged up and down of Fe2V2O7 and Merged
up Co2V2O7

5.5 Magnetic properties
Due to addition of U factor with GGA, a large splitting is observed in Fe-3d6,
Co-3d7 and V-3d3 localized states, from which different values of the magnetic
moments are obtained. Rare earth materials indicates high value of magnetic moments
due to highly localized states, thus they form wide spectrum of magnetic properties.
For the calculations of magnetic properties of Fe2V2O7 and Co2V2O7 spin polarization
computation is used. The value of spin polarized magnetic moments is 19.356 µB
(Fe2V2O7), 14.002 µB (Co2V2O7), and main contribution is the Fe/Co atom. The DOS
performed approximately alike with GGA+U+SOC for all materials, small shift is
detected close to the valance band in states about fermi level for the minority spin as
compared to majority spin.
Using GGA with U and SOC, density of electrons for upwards and
1

downwards spins and specific heat of electron (𝛾 = 3 𝜋 2 𝑁𝐸𝐹 𝐾𝛽 2 ) is calculated using
GGA+U+SOC. Following the equation specific heat depends only on 𝑁𝐸𝐹 , as all the
other terms are constants. So we have to compute specific heat from the value of 𝑁𝐸𝐹 .
In the present work the computed values of 𝑁𝐸𝐹 for Fe2V2O7 and Co2V2O7 are
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1.164/11.901, 4.401/0.00 (states/eV) and for

are 0.663/0.328, 0.725/0.177

and1.837/0.214 (mJ/mole K2) in case of upward and up spin, correspondingly.
Outcomes reveal the exchange between Fe and Co at site reduces 𝑁𝐸𝐹 and 𝛾, for the
case of up and down spin. Consequently, it shows that GGA+U+SOC influence
physical properties of Fe2V2O7 and Co2V2O7 in similar directions.

5.6

Optical Properties
The interaction of light of suitable energy (wavelength) with material results

into the the electronic transitions occupied to unoccupied states. This type of
transitions gives valueable information about the energy bands and their dispersion
which is related to the optical properties of band structure. Results obtained from
these properties are discussed in fig 5.6. The complex dielectric function and its
derivatives is expressed elsewhere [143-145]. As our investigated compounds shows
cubic symmetry, so for cubic structures, we have calculated xx=yy=zz components of
total dielectric function. For Fe2V2O7 and Co2V2O7 compounds [ ∝= 𝛽 = 𝛾 = 900],
the dielectric tensor may be written as

 Im  xx

 0
 0


0
Im  yy
0

0 

0 
Im  zz 

(5.1)

Thus, we obtained dielectric functions determined from one Cartesian
component. The optical properties (OPs) of materials could be calculated
through 𝜀 𝜔 = 𝜀1 𝜔 + 𝜀2 𝜔 , the complex dielectric function. The imaginary part
𝜀2 𝜔 can be evaluated by equation formulated by Ehrenreich and Cohen written as
(5.2)
Here, integral is over 1st BZ and 𝑀𝑐𝑣 = 𝑘 𝑢𝑐𝑘 𝑒∇ 𝑢𝑣𝑘

is dipole matrix

element, which provides information about transitions within the states of conduction
band and valence band 𝜔𝑐𝑣 𝑘 gives information about excitation energy engaged in
transition among the states from conduction band and valence band, e is the
polarization vector due to electric field. The real part 𝜀1 𝜔 is calculated by imaginary
part using Kramer‟s- Kroning relations.
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The symbol P show integral‟s principal value.
Other optical properties can be evaluated by real part of complex dielectric
function and also by its imaginary part. The complex refractive index is given as
n ( )  n( )  ik ( )

(5.4)

𝑛 𝜔 as well as extinction coefficent 𝑘 𝜔 both can be obtained from dielectric
function contains real and imaginary part.
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At 𝜔 = 0 real part of 𝑛(𝜔) is called static refractive coefficient 𝑛0 = 𝜀(0)
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So, from the imaginary and real parts of dielectric function, other optical
parameters are also calculated e.g. absorption coefficient 𝐼(𝜔), energy loss function
𝐿(𝜔) and reflectivity 𝑅(𝜔). As the reflectivity is the percentage value of intensity
among reflected ray and incident ray of electromagnetic wave on the system, is
written as

n( )  1  k ( ) 2

R( ) 
2
 n( )  1  k ( )2
2

(5.7)

Absorption coefficient is the power sucked by solid‟s unit length, calculated
by using this formula

I ( ) 

4 P( )

(5.8)

D
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The optical conductivity shows dependence of material‟s optical response
upon intensity and energy, represented as

 ( )  n( ) I ( )


2

(5.9)

The energy loss function can be calculated as

L( ) 

 2 ( )
 ( )   2 2 ( )

(5.10)

2
1

Optical properties play vital role for the discussion of internal structure of any
compound, these properties also recommend feasibility and suitability of the materials
as industrial point mainly in optoelectronics.
In this attempt, excellent conclusions are observed for mesh of 690 k-points in
IBZ, resulted from 3000 k-points in BZ.
Study of the complex dielectric function reveals that the threshold energy
occurs at 0 eV, beyond this it increases rapidly. It is clear from the figure that
complex dielectric function shows isotropic at high energy and anisotropic at lower
energy.
The imaginary part 𝜀2 𝜔 for spin up and down is calculated for Fe2V2O7 and
Co2V2O7 as plotted in figure 5.6(a, b). It shows 𝜀2 𝜔 for the spin up and down of the
two samples which confirm the existence of optical gap that assists our preceding
finding that semiconductor nature is observed for the down-spin. For up and down
spin polarization, the calculated both real and imaginary parts of 𝜀 𝜔 for Fe2V2O7
and Co2V2O7 for xx=yy=zz polarization direction shown is presented. There exist
sharp increase around 1eV for spin up and 1.2 eV for spin down in case of Fe2V2O7
and for the second material Co2V2O7, 1eV spin up and 5eV spin down occurred
respectively. This rapid increase is mainly associated with the intra-band transitions.
This investigation assists our earlier findings that metallic behavior is observed for
majority spin.
Fig. 5.6(a, b) shows spectra of various peaks, which are located in the range of
energy from 0 – 14eV for both materials. For spin up and down polarization of the
compounds Fe2V2O7 and Co2V2O7, 𝜀2 𝜔 show the peaks prevailingly for the range
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of energy from 2 eV to 10 eV and 4 eV to 10 eV respectively. We can examine the
origin of peaks in the 𝜀2 𝜔 spectra as follow; the peak at 0.5 eV and 8.5 eV spin
Up/down for the sample Fe2V2O7 in Fig. 5.4 a, and for Co2V2O7, 7.5eV for up-spin
and 8.5eV for down-spin spectra occurred as seen in Fig. 5.4b. These peaks associated
with transition among O-p states in VB to O-s sates or to Fe-d/Co-d states in CB
related with certain energy because to the direct connection between the imaginary
part of 𝜀 𝜔

and density of states. On the other hand several peaks in samples

Fe2V2O7 and Co2V2O7 located at range of energy within 2-10 eV that are related with
direct transitions from O-2s states to O-2p originated band states (Figure 5.6(a, b). For
the energies greater than 8.5 eV, the reduction in the peaks of imaginary part is due
effect of high frequency electric field which causes misalignment of dipoles in
direction of applied field.
For the dielectric function,concerning real part, the dispersion for the Fe2V2O7
and Co2V2O7 is shown in Fig. 5.7(a, b). At energy 10 eV and 0.8 eV spin up/dn for
Fe2V2O7 and 9 eV and 0.6eV spin up/down for Co2V2O7, respectively. It is noticed
that zero crossing is associated to the position of the Plasmon excitation frequencies
[146]. These compounds can be utilized for the shielding of electromagnetic radiation
in this high energy and negative values related to highest reflectivity peaks. In up and
down spin polarization, 𝜀1 𝜔 shows strong peaks for the energy range from 2 eV to
9 eV, and 3eV to 8eV Fe2V2O7 and Co2V2O7, respectively as seen in Fig. 6(a, b). The
static values of real component of the 𝜀 𝜔 are 5.8 spin up case for Fe2V2O7 and 2.1
for Co2V2O7 for spin-dn polarization as clear from fig.5a.
From the imaginary and real parts of 𝜀 𝜔 , several other optical properties can
be calculated e.g 𝐼 𝜔 , 𝑅 𝜔 , 𝐿 𝜔 and 𝑛(𝜔).
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(a)

(b)
Figure 5. 6: Imaginary part of dielectric function for Co2V2O7 and Fe2V2O7
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(a)

(b)
Figure 5. 7: Real part of dielectric function for Co2V2O7 and Fe2V2O7
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The absorption coefficient 𝐼(𝜔) for Fe2V2O7 and Co2V2O7 is seen in figure 5.8
(a-b). Different spectral peaks are observed between 7 and 11 eV for both of the
materials, where maximum absorption occurred for spin up/dn at 9eV/10 eV Fe2V2O7
and for second material spin up/dn at 10 eV /8 eV (Co2V2O7) respectively. Energy
loss function for both of compounds is shown in figure 5.8 ( c-d), which is related to
spectra of plasma resonance and resultant frequency is known plasma frequency. For
both materials, the energy loss is maximum at 12 eV for spin down case,
corresponding to ultraviolet region. The peaks of 𝐿(𝜔) are related to tailing edge of
reflectivity given in figure. 𝑅(𝜔) for both the materials is shown in fig 5.8 (e-f). The
materials have high value of 𝑛(𝜔) hold non linearity in optical response. The static
value of 𝑛(𝜔) reveals that highest value appears at zero energy as seen in fig. 5.8 (gh).

(a)
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(b)
Figure 5. 8 (a-b): Absorption coefficient 𝑰(𝝎) for Fe2V2O7 and Co2V2O7

(c)
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(d)
Figure 5. 8 (c-d): Energy loss function for Fe2V2O7 and Co2V2O7

(e)
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(f)
Figure 5.8 (e-f): Reflectivity for Fe2V2O7 and Co2V2O7

(g)
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(h)
Figure 5. 8(g-h): Refractive index for Co2V2O7and FeV2O7
Finally it should be emphasized that for the oxide crystals with localized
cation states there occurs a large number of intrinsic defects which also may have
some influence on the optical functions [147, 148] and additional influence may be
due to contribution of the phonon as subsystem [149]
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Chapter 6.

Enhanced thermoelectric properties of ASbO3 (A= K, Ag,
Cs) due to decreased band gap through modified becke
Johnson potential scheme

6.1 Computational details
Optical and thermoelectric properties, DOS along with BS for AgSbO3 by
using FP-LAPW [150] scheme in combination using PBEsol [151] as well as TB-mBJ
[120] in structure of DFT performed in Wien-2k code [152] have been calculated
above. The precise factors are attuned as lmax=10 called angular momentum vector,
Fourier series vector (Gmax=20.0), wave vector‟s multiplicative factor in reciprocal
lattice insides first BZ and muffin tin radius vector), 10000 k- point. The structure of
ASbO3 (A= K,Ag and Sb) have been converged with space group Fd3m up to
<10−4 Ry. Firstly we optimized the structure that led to observe the stable behavior at
around 8000 k-points as reported Figure 2. The atomic radii of Ag/K/Cs, O and Sb are
set as 2.0 a.u, 1.64 a.u and 2.13 a.u respectively. The outermost electronic
configuration of Ag(4d105s1)/Cs(6s1)/K(4s1), Sb (4d105s25p2) and O (2s22p4) are
implemented. The ability of TB-mBJ is that it improves band gap of semiconductors
close to experimentally investigated values. The modified form of TB-mBJ was
employed for analysis of transport properties by means of BoltzTraP code [103].

6.2 Structural properties
We investigated structural properties of ASbO3(A= K,Ag and Cs) compounds;
with he help of Murghan's equation of state (EOS), optimizations of structure were
executed by reducing the total energy at lowest level with unit cell volume [153] as
presented in Figure 6.3. It is apparent to observe Figure 6.3 that the constant volume
of ASbO3 (A= K, Ag and Cs) is found in the structure showing a minimum in the total
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energy curve. For the present compounds, the optimized ground state energies
indicate clearly that CsSbO3 is the most stable structure with the lowest total energy
among the others.

Figure 6. 1: Unit cell Crystal structure of ASbO3 (A= K, Ag and Cs).

Figure 6. 2:Total amount of Energy calculated as function of k-points.
Convergence test for accurate optical and electronic structures
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(a)

(b)
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(c)
Figure 6. 3 (a-c):Change in total energy (Ryd) as volume function for ASbO3
(A=K, Ag and Cs) compounds

6.3 Electronic structure
The computational procedure described above was helpful to examine the
optical and electronic behaviour for ASbO3 (A= K, Ag and Cs) compounds. The band
structure result, displayed in Figure 6.4, shows that AgSbO3 and CsSbO3 are narrow
band gap semiconductors while KSbO3 shows long band gap. Both the Ag and Cs
doped materials exhibit a band gap (direct) with values 0.98 and 1.3 eV for AgSbO3
and CsSbO3 corrospondingly, while KSbO3 having a bandgap (indirect) of 2.6 eV. In
present work, we decided to report results related to optical properties for the three
compounds K, Ag and Cs doped SbO3 while for the thermoelectric properties, we will
discuss only the two compounds (Ag and Cs doped SbO3) due to the similarity in the
behavior. It is important to report here that we have tested different functionals: LDA,
GGA and mBJ approaches, from which screening effects for both crystals were
confirmed. As results of this test, we found a noticeable difference between them.
Furthermore, the results of mBJ approach were closest to the experimental results.
For ASbO3 (A= Ag and Cs) top of VB and bottom of CB lies in neighbourhood of BZ direction, while for the KSbO3 the valence band lies at -BZ direction and
conduction band lie at W-BZ position. Thus the bandgap respectively shows direct
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and indirect gaps. As bandgap is situated in the infrared (IR) region, light absorption
processes is important to contribution of phonons. This feature also plays a little
character in the existence of charge density acentricity illustrated by using third rank
polar tensors (like phonon anharmonic terms). Other important aspect which is
prominent create a dissimilarity in distribution of bands for carriers (holes inside
VB(top), and electrons in the conduction bands). The more flat dispersion bands are
found along X-WK direction and strongest dispersion is observed by W-L-
direction. It reflects electrons density distribution along unusual directions and
anisotropy of the chemical bond. This anisotropy showed good agreement with
crystellochemistry anisotropy discussed above. Anisotropy of optical functions and
carrier charge density may be sustained by this nature. The dispersion is stronger in
theW-L-direction which is an indication of greater mobility of holes and electrons.
Maxima for VB (VBM) as well as minima for CB (CBM) situated in between  point
having the direct band nature. For both these materials, energy band gaps for certain
common points of the BZ may be relatively visible and range up to 2 eV.
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Figure 6. 4: Energy band structure of ASbO3 (A= K, Ag and Cs). The Fermi
energy is normalized to zero.
The calculations of DOS is helpful for investigation of origin of anisotropy in
orbitals behaviors as displayed in Figure 6.5 (a-j) for ASbO3 (A= Ag and Cs), valence
band is initiated from Ag-d, Cs- p orbitals that are including in bonding. Furthermore,
the bottom ofthe valence band is made by Sb- s and Ag/Cs-s orbitals and upper part
by Ag-d, Cs-p orbitals. Anti-bonding Ag/Cs-d, Ag/Cs-s orbitals formed the
conduction band. As particular orbitals are localized with regard to the BZ, we can see
that their scattering is significantly dissimilar. The DOS for both ASbO3 (A= Ag and
Cs), are similar except for valence bands formed Cs-p orbitals, form lower band
around [-10, -8.0] eV.
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(b)
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(d)
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(e)

(f)
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(g)

(h)
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(i)

(j)
Figure 6.5(a-j): TDOS and PDOS of ASbO3 (A=K, Ag and Cs).
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6.4 Optical properties
The parameters of optical properties explain its effect when radiations of
electromagnetic spectrum fall on them. The optical response of any substance in the
presence of electric fields is explained by dielectric constant 𝜀(𝜔). The information
about polarization and dispersion of incident radiation can be examined by 𝜀1 (𝜔),
while 𝜀2 (𝜔) is related to absorption. Thus we can calculate real and imaginary
𝑛 𝜔 and

𝑘 𝜔 respectively, dielectric constant with the knowledge of two

parameters (𝜀1 (𝜔) and 𝜀2 (𝜔)) [146, 154]. To obtain an accurate and comprehensive
study of optical properties of ASbO3(A= K,Ag and Cs) compounds, we used mBJ
approach and increased k-points mesh to 10 × 10 × 10. The observed parameters for
optical properties are described in the spectrum of energy (0-40) eV as presented in
Figure 6.6. When the electromagnetic radiations (EM) expose on these type of
materials, the real part of dielectric coefficient i.e.𝜀1 (𝜔) show the accurate polarizing
behavior for the optical materials, as exposed in Figure 6.6 a. As the atomic radius of
Cs is greater than K and Ag cations, we observe that the 𝜀1 𝜔 value is increasing
from K andAg to Cs. It is also observed from the Table 1, that the band gap 𝐸𝑔 and
ℏ𝜔 𝑝

𝜀1 (0) are satisfying the Penn‟s model 𝜀1 0 = 1 + ( 𝐸 )2 for KSbO3 and AgSbO3
𝑔

and CsSbO3 compounds [155], where 𝐸𝑔 is the optical bandgap and 𝜔𝑝 indicats
plasma frequency. The Calculated value of 𝐸𝑔 reveals that materials show active
behaviour in visible and near UV region, which forms their use for the opto-electronic
engineering. The numeric value of 𝜀1 (𝜔) increases from zero frequency value 𝜀1 0
and approaches the highest value around 6.0 eV for AgSbO3 and 7.5eV for KSbO3
and CsSbO3. In this region, the considered materials show high plasmonic resonance.
After crossing the plasmonic extreme value, it starts falling and becomes negative for
definite energy value (here 16.0 eV). The negative value of 𝜀1 (𝜔) shows the
reflection of exposed energy as of the surface, as a result shows the metallic nature
[156].
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Figure 6. 6 (a): Dielectric function’s Real part.
Dielectric function‟s imaginary part 𝜀2 𝜔 gives report about the particular
value of energy wherever the optical absorption is highest, due to this nature, the
chemical substance can be chosen for suitable applications and device design. When
the frequency value of 𝜀2 𝜔 is zero it shows the optical band gap is 0.9, 1.1 and
2.5eV for KSbO3, AgSbO3 and 2.2 eV for CsSbO3. It is shown in Figure 6.6 b that
this value of band gap as well as band structure (critical value) plots, energy
considered are in good match that verifies the consistency of the employed mBJ
approach. The value of imaginary dielectric constant reaches the highest peak value at
9.0 ~ 15.0 eV for AgSbO3, at 8.0~ 27.0 for KSbO3 and at 8.0 ~ 20.0 eV for CsSbO3
and becomes minimum at 23.0 eV for Ag, 27.0 eV for Cs and 32.0 eV for K doped
materials. Furthermore, a red shift appears when a peak value of 𝜀2 𝜔 is shifted to
lower energy from Ag to Cs cation. The reason behind red shift might be owing to the
large hybridization among Sb-s and Sb-d energy states.
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Figure 6.6 (b): Imaginary part of ASbO3 (A=K, Ag and Cs).
The 𝑛 𝜔 and 𝑘 𝜔 are calculated from the dielectric constant using the
formulas: 𝜀1 𝜔 = 𝑛2 − 𝑘 2 and 𝜀2 𝜔 = 2𝑛𝑘 for the semiconducting ASbO3 (A=
K,Ag and Cs) materials as shown in Figures 6.7 (a, b) respectively.
𝑛 𝜔 𝑎𝑛𝑑 𝑘 𝜔 are alternative of 𝜀1 𝜔

𝑎𝑛𝑑 𝜀2 (𝜔) shown in Figures 6.6 a and b

respectively. The refractive index is important parameter to calculate the dispersion of
incident light and photonic interactions with material. The value of 𝑛 𝜔 between 1
and 2 is more encouraging to acquire visible along with UV light. Moreover,
𝑛 0 with 𝜀1 (0) satisfy the relation 𝑛02 = 𝜀1 (0), shown by table 6.1 Refractive
index for stationary value starts increasing and reaches its top at 3.0 ~ 4.0eV for
KSbO3, AgSbO3 and CsSbO3. It becomes less than unity in 15.0 eV for AgSbO3 and
17.0eV for both KSbO3 and CsSbO3. When the refractive index is below unity, group
velocity gets faster than“c”, that can be associated to a potential with nonlinear
behaviour. Hence, greater energy of photons pushes material into superluminal range
with negative permeability and permittivity, also the polarization will resist the
applied field. The extinction coefficient 𝑘 𝜔 just as 𝜀2 𝜔 provides the amount of
light absorption, the individualities for absorption at edge of band. From figure 6.7b,
it is shown that humps of strange intensities for greater values of energies of photons
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reveal transparently that target compound has reduced. It begins to absorb more
photons as of transitions of electrons from VB and CB.
𝜀1 (0)

𝑛(0)

S.No

Compound

1

AgSbO3

2.4

1.6

2

CsSbO3

3.4

1.8

Table 6. 1: Zero frequency value 𝜺𝟏 𝟎 (Real part of dielectric function) and
𝒏(𝟎) (Refractiveindex)

Figure 6. 7 (a): Extinction coeﬃcient of ASbO3 (A=K, Ag and Cs).
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Figure 6.7 (b):Refractive index of ASbO3 (A=K, Ag and Cs).

6.5 Thermoelectric properties
In the previous stage of development, thermoelectric materials have attained
maximum importance due to increasing consumption of energy and disaster in the
world. A huge portion of the thermal energy is lost in energy producing and
consuming devices. In this research work, thermoelectric properties of ASbO3 (A= K,
Ag and Cs) compounds have been studied by detailed picture of electrical
σ

k

τ

τ

∆𝑉

conductivity ( ), thermal conductivity ( ), Seebeck coefficient (𝑆 = ∆𝑇 ), and power
factor (𝑃𝐹 = 𝜍𝑆 2 ) and figure of merit (𝑍𝑇 =

𝜍𝑆 2 𝑇
𝑘

) by BoltzTrap code based on

semiclassical theory [32]. The computed outcomes of these factors regarding the
materials in temperature range of 100-800 K are shown in Figures 6.8 (a-d). Figure
6.8a shows that electrical conductivity has is lowest value (about 2.5 × 1018) at 100 K
for AgSbO3, and CsSbO3.When the value of temperature rises up to 800 K,value of
electrical conductivity increases for AgSbO3 and CsSbO3 2.25 × 1019 , 1.25 ×
1019 (Ω𝑚𝑠)−1 respectively. Moreover, the electrical conductivity of AgSbO3 is
greater compared to CsSbO3 in the temperature ranges of [100-800] K, this may be
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due to presence of extra shells of electrons for AgSbO3 and CsSbO3. These shells are
responsible for control of nucleus on the valence electrons with making free
conduction electrons.

Figure 6. 8 (a):Electrical conductivity
In semiconducting materials, electrons and lattice vibrations contribute to
conduction phenomenon in which heat is including in crystal. Thermal conductivities
𝑑𝑇

of compounds under study could be found by Fourier law (𝑞 = −𝑘 𝑑𝑥 ). Where q is
efflux of heat (heat flow rate), k is thermal conductivity and

𝑑𝑇
𝑑𝑥

indicates the

temperature gradient. Fig 6.8b shows the investigated value of thermal conductivities
for AgSbO3 as well as CsSbO3. As temperature increases, their values also go up and
reach maximum amount at 800 K. This value for AgSbO3 compound is larger as
compared to CsSbO3 at higher value of temperature due to similar reason explained
above. Indeed, we have calculated another important parameter (thermal conductivity)
that might explain the efficiency of the thermoelectric devices as plotted in Fig 6.8b.
If we pay more attention to Fig.6.8b, we may observe a linear behavior from
0.1×1014

𝑊
𝑚 𝐾2 𝑆

for AgSbO3 and CsSbO3 at 0 K and reaches to 6.0, 5.5 ×1014

800 K AgSbO3 and CsSbO3 respectively
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𝑊
𝑚 𝐾2 𝑆

at

Figure 6. 8 (b):Thermal conductivity
When two different materials make a connection, an electronic flow take place
from higher to lower temperature area, temperature gradient produces potential
difference is established (∆𝑉). The ratio oftemperature gradient and potential
difference is called Seebeck coefficient (S) [157] which shows the efficiency of
thermocouple. Fig 6.8c shows that the value of Seebeck coefficient drops upto 800 K
with temperature rise, that is natural in for devices based on semiconductors.

Figure 6. 8 (c):Seebeck coefficient
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Furthermore, we showed in Fig 6.8d the calculated power factor for both
compounds in the temperature range of 100-800 K. The power factor has different
values initiated from 0.5 and 1.0×1011𝑊/𝑚𝐾 2 𝑆

for CsSbO3 and AgSbO3

respectively at 100 K. Due to rise in temperature upto 800 K, the power factor
increases linearly in both the compounds. The highest value power factor for AgSbO3
W

and CsSbO3 are about 6 and 4.6×1011mK 2 S respectively.

Figure 6. 8 (d):Power factor
Consequently, high increasing values of thermal and electrical conductivities,
power factor as well as decreasing value of Seebeck coefficient with temperature for
SCs (semi conductors) confirm potential use of studied materials for thermo-electric
applications [103, 158-161]. Mainly AgSbO3 and CsSbO3 may work better at high
temperature and they produce an enhanced thermo power compared to KSbO3.
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Chapter 7.

Opto-electronic Structure and Related Transport Properties
of Ag2Sb2O6 and Cd2Sb2O7

7.1 Methodology
Figure 7.1 shows the structure of Ag2Sb2O7 and Cd2Sb2O7 based on the
crystallographic data in Ref [32]. Both materials exhibit cubic symmetry in space
group Fd3m (no. 227) with lattice parameters of a = b = c = 10.2572 A ˚ for Cd2Sb2O7
and 10.272 A˚ for Ag2Sb2O7. For the computational work, we made use of FP-LAPW
technique as used to work with Wien-2k [50,162].The correlation and electron
exchange were included in GGA based on the (TB-mBJ) [111, 163]. This approach
has been shown to improve electronic bandgap calculations for semiconductors [164],
and here our aim is to apply it for Ag2Sb2O7 and Cd2Sb2O7. The nonspherical
participation in charge density and potential within MT radii was about lmax = 10.0
which is maximum value of function of angular momentum. A cut-off parameter
RMTx Kmax = 7 is used, here RMT indicates radius of small atomic spheres and Kmax is
largest vector in reciprocal lattice of plane wave expansion. Charge density as well as
potential were expanded as Fourier series in wave vector up to Gmax = 12 a.u-1 in
interstitial region. The Monkhorst–Pack scheme was used for calculations in the BZ,
considering 1000 k-points on a mesh with dimensions of 10×10×10 generated for
bulk. We used the BoltzTraP code [103] for the transport property calculations.
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Figure 7. 1: Unit cell structure of Ag2Sb2O7 and Cd2Sb2O7

7.2 Electronic Structure
Investigated structure of bands as obtained using mBJ and GGA, shown by
Fig. 7.1a and b for Ag2Sb2O7 and Cd2Sb2O7, respectively, revealing direct bandgap
values of 1.7 eV and 0.65 eV (Table 7.1). Our calculated values show better
agreement than previously calculated values obtained using the pseudo potential code
[32]. Furthermore, our calculated values of bandgaps are in excellent agreement with
the values recorded in experiments by diffuse reﬂectance. To further clarify the
element/band contributions to the structure of electronic bands, we computed total and
partial densities of states (TDOS, PDOS). Figure 7.3a displays the TDOS, revealing
an obvious difference in the energy bands between Ag2Sb2O6 and Cd2Sb2O7. From the
PDOS of Ag2Sb2O6 and Cd2Sb2O7 in Fig. 7.3b–c, one can see that the VBM is shown
by Ag (Cd)-s/p and O-s/p orbitals. The s/p orbitals of Sb atoms contribute to the VBM
to a minor extent. The conduction band minimum (CBM) is a result of hybridization
between bands made up of Ag (Cd)-s/p and O-s/p orbitals. In addition, the calculated
bandgaps were found to decrease compared with the initial pyrochlore (Sb2O6). This
decrease can be elucidated by the „„reduction concept‟‟ as well as „„dimensional
reduction‟‟presented for II–VI elements [165] and recently for chalcogenides
materials for use in hard-radiation detection applications.
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Figure 7. 2: Energy band structure of Ag2Sb2O6 and Cd2Sb2O7
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(a)

(b)
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(c)
Figure 7. 3 (a-c): TDOS and PDOS of Ag2Sb2O7 and Cd2Sb2O7
Compound

Eg(eV)

Ag2Sb2O6

1.7

Cd2Sb2O7

0.65

Table 7. 2: Energy bandgap values for Ag2Sb2O7 and Cd2Sb2O7

7.3 Optical properties
𝜀 𝜔 Known as the complex dielectric function helps to describe the optical
properties of a material under observation. It can be written as
𝜀 𝜔 = 𝜀1 𝜔 + 𝑖𝜀2 𝜔

(7.1)

In DFT calculations, the effects of excitonic are commonly neglected but the
effect of local ﬁelds is taken under consideration. Inter as well as intraband transitions
contribute to the function 𝜀 𝜔 . While dealing with metals, just intraband transitions‟
contribution is signiﬁcant. These can further beclassified into direct and indirect, the
latter involving phonon scattering but making only a small contribution to 𝜀 𝜔 . The
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elements of momentum matrix were found using 3000 distinct k-points for Ag2Sb2O7
and Cd2Sb2O7. The imaginary part of 𝜀2 𝜔 was calculated to analyze the interband
contribution based on the summation of all possible transitions from occupied as well
as unoccupied bands.
The imaginary part can be computed as:

 2 ( ) 

2
4 e2 3
d k  m,n / kn P kn f kn (1  f kn / ) ( Ekn  Ekn /   )
2

m

(7.2)

Where „m‟indicates mass, e is fundamental charge, 𝜔 indicates volume, ℏ𝜔 is
incident energy of phonon, P is operator for momentum, fkn/ is called Fermi
distribution, and |𝑘𝑛/ > shows the wavefunction of crystal. Matrix element can be
found using Eq. 7.2 for MT as well as interstitial regions distinctly. Additional details
related to calculation of matrix element are there in [166] summation upon BZ in
Equation 7.1 is done by linear interpolation upon network of points distributed
regularly, or by utilizing tetrahedron technique [167].The imaginary part 𝜀2 𝜔

is

examined in irreducible BZ. Naturally, this function shows tensor behaviour, and
computation of all its components is really complex. We therefore use the crystal
symmetry to make the number of components small. For structures in cubic form, one
must compute the xx = yy = zz components of this function. For the Ag2Sb2O7 and
Cd2Sb2O7 structures [ ∝= 𝛽 = 𝛾 = 900], the dielectric tensor is given by

 Im  xx

 0
 0


0 

0 
Im  zz 

0
Im  yy
0

(7.3)

Hence, we can resolve these functions in one Cartesian component. This
decomposition works for all optical constants listed below. Real part of this function
can be found from 𝜀1 𝜔 with the help of Kramers‟ Kronig‟s relation[168].

1 ( )  1 

2



M



0

  2 ( )
d 
 2   2

(7.4)

Here M indicates principal integral value.
The optical constants calculated from real and imaginary parts of this function
as [146].
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(7.6)

The further optical parameters like the coefficient of absorption 𝐼(𝜔),
reﬂectivity 𝑅(𝜔), and energy loss function 𝐿 𝜔 can be derived from 𝜀1 𝜔 and
𝜀2 𝜔 [169]. Doing this, we observed good convergence when using 690 k points in
IBZ, corresponding to 3000 k points present in BZ. Observed imaginary and real parts
of 𝜀 𝜔 for Ag2Sb2O7 and Cd2sb2O7 are displayed for xx = yy = zz polarization
direction in Fig. 7.4a, b as functions ofenergy of photon. Imaginary part part 𝜀2 𝜔 as
shown in Fig. 7.4a, reveals that Ag2Sb2O7 and Cd2sb2O7 are anisotropic in lower range
of energy, i.e., from 0.0 eV to 4.0 eV, which is due to the main difference in their
bandgaps. As 𝜀2 𝜔 is connected with the density of states, the peaks observed in the
𝜀2 𝜔 curves can be related to the energy transitions observed in the T/PDOS results.
By comparing with Fig. 7.3b, c, we can see that peaks in 𝜀2 𝜔 are mainly because of
transitions between valence and conduction bands. Hence, peaks between 2-7eV are
generated by direct transitions from O-s/p to Ag–s/p (Cd-s/p) orbitals. In the 𝜀2 𝜔
curve, the lowest peaks appear at 10.0 eV to 14.0 eV for Ag2Sb2O7 and Cd2Sb2O7,
respectively, being associated with direct transitions from O-s/p to Cd-s/p orbitals. At
high energy values, the spectrum shows no structure and decays sharply with the
energy of photon. Unluckily, there is no data aboutroots and locations of the peaks for
comparison. Figure 7.4b shows the results for dispersive part of 𝜀1 𝜔 . Screened
plasma is positioned at3.0 eV and 12.0 eV for Cd2Sb2O7, while at 12.0 eV for
Ag2Sb2O7 (zero crossing of 𝜀1 𝜔

(Fig. 7.4b). The static dielectric constant

𝜀1 0 speciﬁed by thelow-energy limit 𝜀1 𝜔 . The calculated optical dielectric
constants 𝜀∞ following the mBJ formalism for Ag2Sb2O7 and Cd2Sb2O7 are 2.5 and
5.5.
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(a)

(b)
Figure 7. 4: Dielectric function Imaginary and Real part of Ag2Sb2O6 and
Cd2Sb2O7
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Unfortunately, there are no available experimental data regarding the polarized
dielectric constants with zero frequency for comparison with the results of our
calculations, which hence remain predictive at this stage. These results indicate
anisotropy in optical properties quite clearly in both materials. Degree of anisotropy
𝜀 𝑦𝑦 (0)

can be estimated using the ratio 𝜀

𝑦𝑦

.

(0)

Figure 7.5 a, b, c, and d show computed results for the coefficient of
absorption, index of refraction, energy loss function as well as reﬂectivity,
respectively. Spectra for absorption (Fig. 7.5a) show that the absorption by Cd2Sb2O7
starts at around 1.0 eV due to its smaller bandgap. For both materials, the absorption
spectrum indicates very intense absorption between 6.0 eV and 14.0 eV, which is due
to phonons excitation. At smaller frequency values, we made use ofthe relationship
between refractive index 𝑛(0) and 𝜀1 0 : 𝑛(0)= 𝜀1 0 .
The static value of refractive index is 1.6 and 2.4 for Ag2Sb2O6 and Cd2Sb2O7,
respectively as shown in figure 7.5 b. At low energy, we observed stronger reﬂectivity
for Cd2Sb2O7 than Ag2Sb2O7, whereas the strong reﬂectivity maximum between 10.0
eV and 14.0 eV for both materials reveal inter-band transitions. The spectrum for
energy loss (Fig. 7.5c) associated with energy lost by fast electrons passing through
the material, having generally large plasma frequencies [28]. Peaks at 3.0 eV for
Cd2Sb2O7 and 12.0 eV for both materials are the most prominent in the spectra. They
are known as plasmon peaks induced by the abrupt fall of reﬂectance in Fig. 7.5d. In
fact, plasma resonance can be increased at 𝜀1 = 0. The signiﬁcant ﬁgures about the
𝐿 𝜔 are the important peaks shows the characteristics plasma resonance that occurs
at plasma frequency consistent to energy (3.0 eV and 12.0 eV).
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(a)

(b)
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(c)

(d)
Figure 7. 5(a-d):Other related optical characteristics, absorption, index of
refraction, energy loss function along with reflectivity of Ag2Sb2O7 as well as
Cd2Sb2O7
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7.4 Thermoelectric properties
Figure 7.6 a, b, c, d, and e display the dependency of electrical as well as
thermal conductivities upon temperature, Seebeck coefficient, ZT as well as power
factor respectively, for Ag2Sb2O7 as well as Cd2Sb2O7, materials. The thermoelectric
properties are related to the energy bandgap values. According to experimental
results, the bandgaps are direct, showing a temperature dependence completed by
thermal excitation of electrons. From the observed structure for energy bands and
densities of states, we are able to compute the electrical conductivity 𝜍ave for constant
relaxation time as temperature‟s function. As we increase temperature from 0 to 850
K, both compounds Ag2Sb2O7 and Cd2Sb2O7, electrical conductivity 𝜍ave increases
linearly for both compounds shown in Fig.7.6a. The reason behind this increase in
electrical conductivity is excitation of charge carriers from valence to conduction
bands. As the temperature is increased, the carriers in the conduction band also
increase Cd2Sb2O7 shows low electrical conductivity at small carrier concentrations.
The nature of 𝜍ave can be related to the electronic conﬁguration of Ag and Cd atoms
around the Fermi energy.

(a)
Figure 7. 6 (a): Electrical conductivity of Ag2Sb2O6 and Cd2Sb2O7

111

The electronic and lattice parts effect the total thermal conductivity (Fig. 7.6b)
but vary contrarily with temperature. While seeing theoretical model, we took
electronic part of thermal conductivity kele only,under consideration while the thermal
conductivity of lattice klat was ignored. Thermal conductivity is directly affected by
changes in the following parameters: (1) electrical conductivity, (2) carrier
concentration, and (3) mobility of carriers (𝑘e=𝜍𝜇𝑛). At low temperature (0 K), the
electronic thermal conductivity kele for Ag2Sb2O7 and Cd2Sb2O7 is about 0.0
W𝑚−1 𝐾 −1 𝑠 −1 for both materials, while for high temperature at 850 K, it reaches
6.0×1014 W𝑚−1 𝐾 −1 𝑠 −1 and 3.0 ×1014 W𝑚−1 𝐾 −1 𝑠 −1 for Ag2Sb2O7 and Cd2sb2O7,
respectively. As we increase the temperature from 0 to 850 K, both compounds show
a linear increase in the thermal conductivity, as observed in Fig. 7.6b. In addition, the
thermal conductivity kele of Ag2Sb2O7 is greater than that of Cd2Sb2O7 which is due to
the electronic contribution. Figure 6c shows the calculated Seebeck coefficient Save for
the range of temperature from 0 K to 850 K. The calculated Save for both compounds
is mainly dependent on the carrier concentration and temperature, revealing an
converse relation between the concentration of carriers and calculated Seebeck
coefficient [170]. Both Ag2Sb2O7 and Cd2Sb2O7 compounds are p-type, as shown in
Figure. 7.6c.

(b)
Figure 7. 6 (b): Thermal conductivity of Ag2Sb2O7 and Cd2Sb2O7
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The Seebeck coefficient of Ag2Sb2O7 shows a sudden rise with temperature up
to 70K. Then, as the temperature is increased further, one notes a decrease in Save due
to increased carrier concentration beyond the temperature of 70 K. Both compounds
show dispersive nature in temperature ranging from 400 to 800K. Value of Save at 0 K
is 215 𝜇𝑉𝐾 −1 and 200 𝜇𝑉𝐾 −1 for Ag2Sb2O7 and Cd2Sb2O7, respectively. At 850 K
(high temperature), Save becomes very low, reaching 160 𝜇𝑉𝐾 −1 for both compounds.
These properties reveal the dependence of Save on changes in concentration of carriers
and temperature. According to structure of energy bands (Fig. 7.2a), the bands show
low dispersion distribution around fermi level. For smaller energies, effective mass
for electrons as well as for holes are smaller, resulting in lesser value of Save.
Moreover, two compounds display variable dispersion in related energy bands,
changing the magnitude of Save. From these electrical conductivity and thermoelectric
power results, the power factor 𝑆 2 𝜍 can be calculated and is shown in Fig. 7.6d. As
the temperature is increased from 0K to 850 K, the value of 𝑆 2 𝜍 increases from
0.20×1011 W𝑚−1 𝐾 −2 𝑠 −1 to 6.00×1011 W𝑚−1 𝐾 −2 𝑠 −1 for Ag2Sb2O7, and 2.15×1014
W𝑚−1 𝐾 −2 𝑠 −1 for Cd2Sb2O7. Hence, replacing Ag by Cd leads to a minimum
powerfactor. This shows that Cd2Sb2O7 has lower carrier concentration compared
with Ag2Sb2O7. The 𝑆 2 𝜍 value computed for both p-type compounds raised very fast
due to increasing concentration of carriers with increase in temperature. The rise in
electrical conductivity also increases the value of 𝑆 2 𝜍. These properties show that
Ag2Sb2O7 is more likely to be used in devices using thermoelectric devices compared
with Cd2Sb2O7, due to its thermoelectric properties can be effectively increased at
higher temperature.
The ﬁgure of merit 𝑍𝑇 = 𝑆 2 𝜍𝑇/𝑘 can be calculated from the electrical
conductivity, Seebeck coefficient, thermal conductivity and temperature, and is shown
in Fig. 7.6d. With increasing temperature from 0K to 850K, the ﬁgure of merit ZT
exhibits different behavior for the two compounds: ﬁrstly, both materials show an
increase with T, continuing upto 150 K for Ag2Sb2O7, then almost constant behavior
with temperature. Meanwhile, for Cd2Sb2O7, it shows an increase up to 400 K but a
decrease beyond this temperature range. These results reveal a ﬁgure of merit of ZT =
0.79 for Ag2Sb2O6 and 0.76 for Cd2Sb2O7 at low temperature, i.e., 150 K and 350 K,
revealing that Ag2Sb2O7 is much better than Cd2Sb2O7 over the entire temperature
interval. Figure 7.4e shows that temperature and the element to be doped affects ZT.
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(c)

(d)
Figure 7. 6 (c,d): Seebeck coefficients, power factor of Ag2Sb2O6and Cd2Sb2O7
The higher ZT values mostly originate from lower thermal conductivity and
higher electrical conductivity. Furthermore, this indicates that Ag2Sb2O6 is the
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preferable material for use in both applications, viz. cooling devices and
thermoelectric applications, whereas the other materials are more likely to be utilized
in thermal devices. Most signiﬁcantly, ﬁgure of merit is strongly dependent on
temperature for both compounds.

(e)
Figure 7. 6 (e) : ZT of Ag2Sb2O6and Cd2Sb2O7
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Chapter 8.

Specific features of structural, electronic,optical and
elastic properties of cubic calcium pyroniobate Ca2Nb2O7
crystals

8.1 Computational details
The whole calculations have been made with the help of DFT within the
framework of Wien-2k with FP-LAPW method. The correlation interactions for
interchange of electrons are calculated with the help of GGA. Convergence of lattice
parameters and the moduli of elasticity are also analyzed inthis work. We can see the
fact that at moderate values of cutoff energy, convergence shows quick response at
structural parameters and higher cutoff is required for accurate values of elastic
constants. Entire energies on the optimized structure in Wien-2k are computed using
integration of Monkharst–Pack grid of 12 × 12 ×12 k-points in BZ. Values of k point
gridand kinetic energy cutoff are found to assure the total energy convergence. A
plane wave cut-off RMTKMax=7 is used for Brillouin zone integration and restricts the
plane wave number. The convergences of charge and energy are set at the value of
10-4 e/Ω and 10-4Ry, correspondingly. The elastic properties are also calculated by
first principles calculations. The valence electrons incorporated in this effort were
Ca: 3s2 3p6 4s2, Nb:4s2 4p6 4d4 5s1, and O:2s2 2p4.

8.2 Structural and Electronic properties
The structure of Ca2Nb2O7 is cubic having space group named Fd-3m and its
lattice parameters are equal to 10.58342269 A0. The atomic states of Ca, Nb, O1 and
O2 in unit cell for crystal are (0.125000, 0.125000, 0.125000), (0.125000, 0.125000,
0.625000), (0.000000, 0.000000, 0.307404) and (0.000000, 0.000000, 0.000000),
respectively. The compound Ca2Nb2O7 contains 8 formula units in a unit cell. The
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structure of crystal belonging to investigated pyrochlore oxide with atomic
arrangements is shown in figure .8.1.

Figure 8. 1: Crystal structures for cubic calcium pyroniobateCa2Nb2O7
The calculated band structure of Ca2Nb2O7 cubic pyrochlore oxides is shown
in Figure 8.2, as VBM and CBM lies in Γ-point, which exhibits typical direct bandgap
semiconductor. This is seen that computed bandgap for Ca2Nb2O7 equals to 2.14 eV,
which contains sufficient description of the first principle DFT calculations. Figure
8.2 shows also that electronic and dispersive curves for valence as well as conduction
bands are flat and smooth, involving very sturdy and strong organic bonds of the
structure of crystal under study. For more explaining the element contribution to band
structure of electrons, angular as well as partial densities of states (PDOS) is
calculated. Figure 8.3(a,b) shows that in case of cubic Ca2Nb2O7 the base or bottom
of CB is gained by Ca-s, Nb-s and O-2s atoms, whereas top of VB is formed because
of main contribution of O-2s orbitals. This contribution of O-1s, O-1p, Nb-p/d, and
Ca-p atoms in valence and conduction band are negligible
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Figure 8. 2: Electronic band structure diagram of calcium
pyroniobateCa2Nb2O7.

(a)
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(b)
Figure 8. 3 (a, b): TDOS and PDOS of calcium pyroniobate(cubic) Ca2Nb2O7

8.3 Optical properties
Optical properties of pyrochlore oxides are extremely constructive and have
diverse uses in sciences associated to energy and performance. For the calculations of
optical properties of Ca2Nb2O7 (EV-GGA) approach is used in this work. As the
investigated compound has cubic symmetry, only one tensor component is needed to
explain the optical characteristics. In study of cubic structures, scientist are interested
in calculation of total dielectric function‟s xx=yy=zz components. The dielectric
tensor for Ca2Nb2O7 [ ∝= 𝛽 = 𝛾 = 900] can be written as

 Im  xx

 0
 0


0
Im  yy
0

0 

0 
Im  zz 

(8.1)

This complex dielectric function 𝜀 𝜔 = 𝜀1 𝜔 + 𝑖𝜀2 𝜔

is important

parameter to calculate optical properties of materials is sum of real and imaginary
parts respectively. The imaginary part ε2 ω indicates existence of first absorption
edge called threshold energy occurred at 2.2 eV. It is also observed that fundamental
absorption edge is occurred due to splitting of VBM and CBM, which result in direct
optical transitions in middle of bands, as shown in figure 8.4. The material Ca2Nb2O7
shows anisotropic nature in smaller range of energy due to band gap of the materials.
119

The spectra indicate rapid increase behind this threshold energy. The threshold energy
is responsible for major peaks in between 4.0 eV to 5.0eV and the spectra decayed
rapidly at higher energy.

Figure 8. 4:Real and imaginaryparts of calcium pyroniobateCa2Nb2O7
This complex function‟s real part is calculated using Krmmers Kroning‟s
relations (KKR). Figure 8.4 reveals the dispersive part 𝜀1 𝜔

of Ca2Nb2O7

pyrochlore oxide in the energy range 0-14 eV. The computed value of static dielectric
constant 𝜀1 0 for Ca2Nb2O7 is 2.6. When energy increases from 3 eV spectra of
peaks firstly increased and then decreased, crosses the zero line at around 5 eV. Zero
frequency limit is most important quantity also called static dielectric constant having
values 2.6 for investigated material. It is clearly seen that 𝜀1 0 is related inversely
with the band gap of material under examination. Figure clearly shows that 𝜀1 𝜔 is
increased firstly and achieved maximum value of 6 around 4 eV before zero
frequency limits for Ca2Nb2O7 respectively. The material exhibits metallic nature and
loss dielectric property for the negative value of dispersive part 𝜀1 𝜔 .
We also calculated the other optical constants i.e absorption spectra
I(𝜔), reflectivity R(𝜔), refractice index n(𝜔) and L(𝜔). The absorption coefficient is
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basic approach for the investigation of how far light penetrate deeply in material. The
absorption spectra occurred due of interband transitions, which are observed by
following equation.
1

2
2
2
   1 ( )  (1 ( )   2 ( ) 
I ( )  2 
2
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2





(8.2)

The investigated I(𝜔) from 0-14 eV is shown in figure 8.5. The threshold
absorption is related to band gap of the materials is 2.14 eV. Moreover, as energy
increased I(𝜔) also increases and highest peaks are observed around 10 eV, which are
due to electronic transitions emerging only when light of specific energy photon
absorbs in the material instead arbitrary photons. The dips in absorption spectra
indicate that electronic transitions are diminished in the band structure. The current
pyrochlore oxides may be used for photovoltaic applications due to its direct band gap
nature.

Figure 8. 5: Absorption coefficient of calcium pyroniobate Ca2Nb2O7

The observed energy loss function for Ca2Nb2O7 is shown in figure 8.6, which
is optical parameter, related to loss of energy by fast moving electrons traverses
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through materials. Such types of interactions are the source of interband transitions,
inner shell ionizations, phonon excitations and plasmon excitations. The energy loss
function for Ca2Nb2O7 is plotted in energy 0-14 eV as shown in figure 8.6, which
revealed that dominant peaks for Ca2Nb2O7 are located at 12 and 13 eV respectively.
These peaks show the characteristic nature of plasma oscillations where reflectivity is
decreased rapidly.

Figure 8. 6: Energy loss function of calcium pyroniobate Ca2Nb2O7
The index of refraction is related as
n ( )  n( )  ik ( )

(8.3)

Where real part is the refractive index and imaginary part is extinction
coefficent.
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(8.4)

At 𝜔 = 0 real part of refractive index is said to be static refractive coefficient
1

n0  [ (0)] 2 .
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The refractive index 𝑛 𝜔 gives information about bending and refraction of
light while passing in the material. The value of refractive index effects the nature of
medium i.e the medium shows non linear nature when ( 𝑛 < 1 ) resulting group
velocity acceeds the light‟s speed (𝑣𝑔 > 𝑐), 𝑛(𝜔) of Ca2Nb2O7 is shown in Fig. 8.7
as photon energy function from which we discover static refractive index Ca2Nb2O7 is
around 1.6. Its value is small in infrared region and steadily increased in the visible
and ultraviolet region and finally decreased.

Figure 8. 7: Refractive index of calcium pyroniobate Ca2Nb2O7
By definition, reflectivity is the ratio of incident power to reflected power used
for calculation of surface properties of material. Fig. 8.8 reveals the reflectivity
spectra of Ca2Nb2O7 as function of energy of photon. When photonic energy
increases, R(𝜔) also increases but still small in visible region. It is revealed that
maximum value of reflectivity occurred where 𝜀1 𝜔 approaching to negative value
as the material exhibits metallic nature in this range of energy.
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Figure 8. 8: Reflectivity of calcium pyroniobate Ca2Nb2O7
The extinction coefficient is related to find properties like absorption of light
and also at edges of materials. The interband transitions (VB-CB) are responsible for
arising peaks in extinction coefficient and refractive index. The response of 𝐾(𝑤) is
similar as of ε2 ω for Ca2Nb2O7 but the real part of dielectric function has low
values at the local maxima for material are occurred at 4 eV as seen in figure 8.9.

Figure 8. 9: Extension coefficient of calcium pyroniobate Ca2Nb2O7
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The optical conductivity can be expressed as 𝜍 𝜔 = 𝜍1 𝜔 + 𝜍2 𝜔 ,
where 𝜍1 𝜔 is real part and 𝜍2 𝜔 is the imaginary part of conductivity is shown in
figure 8.10. The peaks of conductivity are calculated by transitions of electric dipole
in valence as well as conduction bands. There are no peaks of 𝜍 𝜔

up to 2 eV,

which is same as band gap of the materials. The peaks in optical conductivity are due
of interband transitions. The 𝜍 𝜔
as 𝜀 𝜔 = 1 +

is also linked with frequency dependent 𝜀 𝜔

4𝜋𝑖𝜍 (𝜔 )
𝜔

. We see that imaginary part is almost negative from 0.0 ~ 14.0

but around 5.2 eV and 11.5eV crosses the zero line a bit until 8 eV and then increases
for the positive value as shown in figure 8.10. The real part in the region 0-14 eV
exhibits six maxima, which is due to optical transitions from Γ𝑣 − Γ𝑐 .

Figure 8. 10:Optical conductivity of calcium pyroniobate Ca2Nb2O7

8.4 Elastic properties
The elastic constants are very important for investigation of essential material
parameters e.g chemical bonds, mechanical stability and Debye temperature of the
compounds [171]. Their detailed study provides relationship in mechanical properties
especially the stiffness or hardness and stability of compounds. Elastic constants are
determined by the stress-strain functionin accordance to Hook‟s law [172]. Three
elastic constants which are independent in nature C11, C12 and C44 are determined to
be used for semiconductor crystal

of Ca2Nb2O7 which is cubic in structure.
125

Mechanically stable compounds having cubic system must satisfied Born stability
criteria𝐶11 − 𝐶12 > 0, 𝐶11 > 0, 𝐶44 > 0 𝑎𝑛𝑑 𝐶11 + 2𝐶12 > 0.

As

our

studied

compound Ca2Nb2O7 pyrochlore oxide is semiconductor material and satisfy above
criteria, which shows its mechanically stability.
We use Zener-Anisotropy factor A for computation of anisotropy‟s degree and
microcracks in materials given as

A

2C44
C11C44

(8.5)

When the value of anisotropy factor A=1 reveals the Ca2Nb2O7 is completely
isotropic otherwise anisotropic for (A<1 or A>1) [173]. The calculated value of A=
1.206 which exhibits elastically anisotropic material. Hence Ca2Nb2O7 pyrochlore
oxide shows pure anisotropic nature.
The elastic constants have a deep relation with the mechanical properties
These constants can be determined by voiget-Reuss-Hill (VRK) technique [174, 175].
For cubic lattices the expressions for viogt‟s modulus and Reuss‟s modulus is given
as
BV  BR 

GV 

GR 

C11  2C12
3

C11  C12  3C44
5

5C44 (C11  C12 )
4C44  3(C11  C12 )

(8.6)

(8.7)

(8.8)

By above equations Hill took AM between B and G is given as
B

BV  BR
2

G

GV  GR
2

(8.9)

(8.10)

Young‟s modulus, represnted by Y is used to measure stiffness of the material
expressed as
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Y

9 BG
3B  G

(8.11)

Poisson‟s ratio, describes the type of forces present in bonding Ca2Nb2O7 for
covalent natured solid materials, it is less than 0.1 and for solids having ionic nature,
it is 0.25. For materials having metallic nature, its value lies in range 0.25-0.5. Hence,
it is can be seen in table 2 value of v is close to 0.228, which indicated that material is
covalent.
v

3B  Y
6B

(8.12)

The investigated results help to calculate Pough‟s ratio, defined by B/G. It
reveals the nature of material either it is brittle in nature or it is ductile. If B/G falls
from 1.75, the material under examination is brittle in nature. on contrary, it must be
ductile. In our study, Pough‟s ratio is 1.513, indicating brittle nature of the pyrochlore
oxide (Ca2Nb2O7). If

Frantesvich ratio (G/B) greater than

0.571 then material

indicates brittle nature.
It is clear from the table 8.1 that bulk modulus is somehow greater than shear
modulus (B>G), this shows that the parameter shear modulus plays a vital role for
stability and strong capacity to resist deformation of cubic pyrochlore oxide
(Ca2Nb2O7).
The ability of the material to possess stable structure is related to its internal
strain factor 𝜉 given as



C11  8C12
7C11  C12

(8.13)

The plots of density of states shows the minor variations in valence and
conduction bands, which is due to small disturbance in strain factor and material does
not show anti ferromagnetic behavior.
The Debye temperature factor is calculated by using mean velocity is the
property which we use to differentiate the areas of high and low temperatures for
sample. It is used to compute a lot of physical properties like elastic constants,
speciﬁc heat along with melting temperature. The excitations occured due to
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vibrations exclusively from acoustic modes at smaller temperatures. Therefore, the
Debye temperature is computed for the constants of elasticity isthe identical with that
found from the calculations of speciﬁc heat. Typically, we compute the debye
temperature by the data gained by elastic constants, If Θ < 𝑇, the energy of high
frequency modes is KBT and expected high frequency modes are frozen [176] in case
of Θ > 𝑇. The equation for Debye temperature [177] is expressed as
1

h  3n  N    3
    A   Vm
k  4  M  

(8.14)

Here, h shows the famous Plank‟s constant, n is number of atoms and k is
Boltzmann constant. Also ρ is known as density, NA is the famous Avogadro number,
M shows molecular weight and Vm denotes average sound velocity given by
 1  2 1 
Vm    3  3  
 3  vt vt  

1
( )
3

(8.15)

Where 𝑣𝑙 and 𝑣𝑡 are respectively compressional and transverse velocities.
Recalling the Navier‟s equation

v1 

vt 

3B  4G
3
G

(8.16)

(8.17)



Unfortunately, to calculate elastic and the electronic properties of the studied
compound, no experimental data is available for comparison. Thus our cubic structure
may be used for some novel device fabrications in the semiconductor industry.
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C11(GPa)

201.612

C12 (GPa)

71.472

C44 (GPa)

78.464

B (GPa)

110.148

GR (GPa)

72.495

GV (GPa)

73.101

GH (GPa)

72.801

Y (GPa)

179.588

Pough‟s ratio

1.513

Frentesvich ratio G/B

0.660

Poison‟s ratio v

0.228

Anisotropy A

1.206

Internal strain 𝜉

0.5772

𝜌(Kg/m3)

462

𝑣𝑙 (m/s)

6697

𝑣𝑡 (m/s)

3969

𝑉𝑚 (m/s)

4396

Θ(K)

40.44

Table 8.2: Elastic properties of calcium pyroniobate Ca2Nb2O7
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Chapter 9.

Optoelectronic properties of pyrochlore oxides for
photovoltaic applications

9.1 Technical details
Using computer code Wien-2k computed the electronic structure as well as
optical properties which solve Kohn Sham equations by means of FP-LAPW method.
The muffin-tin radii for A2Ti2O7 (Ho,Eu , Sm,Yb, Tb, Gd , Dy, Er), Ti and O atoms
are fixed about 2.17, 1.85, and 01.68 bohr, respectively. The PBE formulation of
GGA [178] were used for structural optimization. GGA+U approximation is used for
improved explanation of coulomb forces between electrons found in f subshell. The
modified approximation of U have been specified and given in table 9.1.
. The 4f electrons of lanthanide have been exhibited as valance states and
electrons of Ti 3s23p6 have been treated as semicore states. Our optimized lattice
parameters of A2Ti2O7 specified in Table 9.1, used in calculations. In the present work
the GGA+U functional is used to compute exchange and correlation energy. Planewave cutoff is determined by RMT×Kmax = 7, here, RMT represents smallest MT radius
and Kmax indicates of lattice vector from basis sets. Expansion of wave function is
fixed at l=10 in MT spheres. For Brillouin zone (BZ) integration (5×5×5) MonkhorstPack k mesh was used. When energy and charge of system approaches to converge
limit 10-4 Ry and 10-3e accordingly the calculations stopped.
Firstly, optimization was done by using the PBE-GGA. After getting the
relaxed structure (find the stable energy in Table. 9.1), we used those structures for
further calculations. We used different value of U (U = 3.0, 4.0, 5.0, 6.0, 7.0, 7.5, 8.0
eV) but we found the stability at 7.0 eV. Therefore here in we have used the results
for U = 7.0 eV. We found the Yb doped material more stable than the other materials.
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Moreover, the calculations of temperature effects on the A2Ti2O7 (A=Tb, Eu)
by quasiharmonic Debye model are carried out by utilizing the total energy as well as
cell volume in GIBBS code. Debye temperature (ΘD (V)) is generated from this
model and calculate Gibb‟s function G* (V, P, T), and for deriving state equations of
V(P, T), G* is minimized. This model has non equilibrium Gibbs function is given as:

G* (V , P, T )  E(V )  PV  Avib ( (V ), T )
Here, E(V) indicates whole energy per unit cell, the term PV represents
product of hydro static pressure and unit cell volume and Avib(𝜃 𝑉 , 𝑇) is Helmholtz
free energy [138, 179].
For the isotropic solid the Debye temperature is written as:
1

1 8

B

 D (V )  6 2V 2 n  f ( ) S
k
M


Where 𝐵𝑆 is the adiabatic bulk modulus and M is molecular mass, 𝑓(𝜍) is
calculated in Refs. [138-179]. Hence, 𝐵𝑆 can be expressed as (in terms of static
compressibility)

BS  B(V )  V

d 2E
dv 2

Now the thermal energy can be calculated by minimizing the G* (V,P,T) with
respect to volume

 G *(V , P, T ) 

 0
V

 P,T
Consequently, utilizing the Quasi-harmonic Debye Model we could compute
thermo-measures from computed data of E-V on T=0 & P=0.

9.2 Geometric optimization and structural properties
A2Ti2O7 (A=Tb, Eu) pyrochlore structure have the space group Fd 3m which is
originated from specific arrangement of atoms as of the MO2 ﬂuorite is shown in
figure 9.1. To explain the cubic pyrochlore structure two independent parameters can
be utilized: the cell parameter and internal factor x for O48f states. A3+ ions engage
special site (site A) 16d (0.5, 0.5, 0.5). Ti4+ ions possess distinct site (B site) 16c (0,
0, 0) [180]. Further expressive formulation of sample solid is A2Ti2O7, due to 6thO
(x,0.125,0.125) symbolized as O48f ions are equivalent and 7thO placed at (3/8,3/8,3/8)
signified with O-8b ions have a distinctive position in structure. This site of missing O
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can be accomplished the anion sublattice for forming ﬂuorite structure is
8a(0.375,0.375,0.375) denoted as O-8a. For three particular positions, generally
tetrahedral, 48f posses 2 A as well as 2 B closest neighbours, 8a posses 4 B-type
closest neighbours, and 8b owns 4 A-type closest neighbours.
The space group of Pyrochlore oxides is 227, the atomic positions in this
structure are taken as: A(Sm-Yb) (62-70), Ti(22) and O(16). The geometry
optimization is attained by calculations of total energy as distinctive function of u, b/a
and V variables. Where u, b/a and V represents internal coordinates of atoms,
parameters of lattice and of unit cell‟s volume respectively. Two steps are involved in
this calculation. Firstly, optimization of cell‟s internal geometry is done by adopting
process named geometrical optimization, in which forces in atoms are minimized.
This procedure is reiterated as the adjustment in normal force falls below 1 m
Ryd/bohr. Secondly, b/a ratio ofenergy optimization of crystalis carried for unit cell V
as well as c/a ratio. Total energy is calculated after the decision b/a, related to various
UC (unit cell) volumes. It is obvious from Table 9.1 that A2Ti2O7(A=Tb, Eu)
Pyrochlores have stable structure as it is minimum in total energy curve compared to
other compounds. By considering obtained sets, we can calculate V0 volume at
equilibrium, Bulk modulus B0 along with bulk modulus‟s pressure derivative B

/

0

by

fixing total energy V, from Murnaghan‟s equation [153]. The crystal structure of
Tb2Ti2O7,using parameters of equilibrium lattice, is displayed in figure 9.1. It is cubic
structure and has 2 formulas per unit cell.
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Figure 9. 1: Crystal structure of Tb2Ti2O7

Approximation

Optimized

Method

Lattice constants

V0( A0 3)

Bp

E0(Ry)

B0(GPa)

(A0)
GGA+U

Sm

a=b=c
10.2478

1821.8228

171.0452

4.3061

92417.655208

Eu

10.2208

1801.3203

184.6381

4.3402

95758.716907

Gd

10.2061

274.2861

17237.0416

5.870

99122.212506

Dy

10.1764

1777.4104

187.7209

4.6256

106286.81033

Ho

10.1646

1771.7515

186.7235

4.4072

109968.489733

Er

10.1516

1764.9788

186.1037

3.7349

113738.400017

Tm

10.1576

1768.0982

185.6063

4.4355

117597.791338

Yb

10.1543

1767.3179

184.5637

4.5425

121547.969175

Table 9. 3: Lattice parameters of Tb2Ti2O7

9.3 Electronic properties: Band structure and DOS
For investigation of the physical properties of the materials, the density of states
plays key role. Firstly, we analyzed the band structure (electronic) of the A2Ti2O7 (A=
Tb, Eu) Pyrochlores along high symmetry Brillouin zones for spin up and down
polarization is shown in Fig. 9.2, which clearly indicates that Tb2Ti2O7 and Eu2Ti2O7
Pyrochlores have direct band gap.
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Figure 9. 2: Band structure with the variation of electronic bands of A2Ti2O7 (A=
Tb, Eu)
Our calculated band structure is quite similar to experimental work [181] both
the materials shows semiconducting nature as their band gap lies in this region. The
calculated band gap for Tb2Ti2O7 is 3.6 eV and when we replaced Tb to Eu then its
band gap is reduced to 1.293 eV. For the materials found their band gaps as given in
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Table. 9.2. And then we performed geometry optimization for checking the stability
of materials. It is quiet clear from the figure that A2Ti2O7 (A= Eu, Tb) are found more
stable as compared to the others. By the means of GGA+SOC+U, TDOS as well as
PDOS at normal pressure is computed, their results are shown in figure (9.3 and 9.4).
TDOS (see Fig. 3 (a & b)) and PDOS (see Fig. 9.4 (a & b)) are used for the better
understating of electronic states of materials for both spins ( up and down). TDOS
reveals that there is clear difference between the energy bands of A2Ti2O7 (A= Tb,
Eu) Pyrochlores as seen in Fig.9.3 (a & b).

(a)
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(b)
Figure 9. 3: TDOS of A2Ti2O7 (A= Tb, Eu)
Fig. 9.2 reveals the formation of VBM and CBM from different orbitals of
A2Ti2O7 (A= Tb, Eu) Pyrochlores for spin up and down polarizations. It is observed
that strong hybridization occur due to Tb-p, Ti-s/p, and O-p states in Tb2Ti2O7 around
-3 eV and for Eu2Ti2O7 main contribution are Eu-p/f, Ti-p/d, and O-s states around 2
eV. The peaks in Tb2Ti2O7 ranging from -6 to 6 eV are mainly due to Tb-p, Ti-s/p,
along with O-p states. For Eu2Ti2O7 Pyrochlore, the TDOS and PDOS are same as
that of Tb2Ti2O7, while there is difference between DOS of these two materials due to
band gap to the materials.

Compounds

U(eV)

Band gap (eV)

A2Ti2O7
A= Sm

7.0

3.78

A=Eu

7.0

1.293
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A=Gd

7.0

4.37

A=Tb

7.0

3.60

A=Dy

7.0

3.7

A=Ho

7.0

3.723

A=Er

7.0

3.5

A=Tm

7.0

2.8

A=Yb

7.0

3

Table 9. 4: The Value of U and band Gaps (eV) for A2Ti2O7 (A= Tb by Dy, Yb ,
Eu, Ho, Tm,Gd andSm).

(a)
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(b)

(c)
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(d)

(e)
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(f)
Figure 9. 4 (a - f): PDOS for A2Ti2O7 (A= Tb, Eu)

9.4 Optical Properties
To understand the electronic structure of the materials the study of the optical
properties are important. To attain these (OPs), ε ω can be utilized which is
expressed as ε ω = ε1 ω + ε2 ω . Imaginary part ε2 ω

is found from matrix

elements of momentum between electronic states and computed by using[182],

2e2
c
v 2
 2 ( ) 

u
,
r

 ( Ekc  Ekv  E )

k
k
k ,v.c
 0

(9.1)

U is vector indicates electric field‟s polarization, 𝜔 shows light‟s frequency, e
represents electronic charge,𝜓𝑘𝑐 𝑎𝑛𝑑 𝜓𝑘𝑣 indicating CB and VB wave functions at k,
correspondingly. Real part of this function 𝜀1 𝜔 can be computed with help of
imaginary part by using Kramer‟s-Kronig relations.

1 ( )  1 

2



P



0

  2 ( )
d 
 2   2
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(9.2)

The principal value of the integral is symbolized by P in above equation Both parts of
dielectric function are helpful to compute other optical properies .The complex
refractive index of can be n ( )  n( )  ik ( )
Here 𝑛(𝜔) is refractive index and 𝑘 𝜔 is extinction coefficient can be obtained from
dielectric function.
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(9.3)

At low frequency i.e 𝜔 = 0 real part of „n‟ is called static refractive coefficent
1

n0  [ (0)] 2 .

Computation of extinction coefficient can be carried out with following relation
1

2
2
  ( )  (1 ( )   2 ( )) 2
k ( )   1
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(9.4)

So, from the complex dielectric function which contains both real and
imaginary parts some other optical parameters are also calculated e.g. 𝐼(𝜔),
L(𝜔) 𝑅(𝜔) . As reflectivity is defined as percentage intensity of reflected ray on
intensity of incident ray of electromagnetic wave on the system, can be expressed as
R( ) 

(n( )  1) 2  k ( ) 2
(n( )  1) 2  k ( ) 2

(9.5)

Power engrossed per unit elongation of sample is named as coefficient of
absorption. This can be calculated by this formula

I ( ) 

4 P( )

0

(9.6)

The optical conductivity shows that intensity as well as energy dependency of
optical response of reflecting material, represented as
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 ( )  n( ) I ( )


2

(9.7)

The energy loss function can be calculated as

L( ) 

 2 ( )
 ( )   2 2 ( )
2
1

(9.8)

The optical properties play wide role for investigation of inner structure of the
any substance. These characteristics recommend the appropriateness as industrial use
specifically in opto-electronics. Figure 9.1 shows theoretical cubic structure of
compound A2Ti2O7 (A=Tb, Eu)
The absorption coefficient gives productive facts about disintegration of light
intensity per unit distance in the medium and investigates optimum solar energy
conversion efficiency. Fig. 9.5 (a and b) shows the absorption coefficient spectra of
A2Ti2O7 (A=Tb, Eu) for spin up and down polarizations, which indicates the
semiconducting nature of these compounds as the spectra starts from 0 eV.

(a)
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(b)
Figure 9. 5(a & b): Absorption spectra for A2Ti2O7 (A= Tb, Eu)

We examined different maxima in the energy range of 4-13 eV for
A2Ti2O7(A=Tb, Eu). These compounds show good absorption coefficient in the 8-12
eV region, and the peaks formed due to interband transitions.
The real and imaginary parts of A2Ti2O7 (A=Tb, Eu) are calculated for
polarization direction xx = yy = zz seen as functions of photon energy. The quantity
𝜀1 𝜔 reveals how much a material becomes polarized at what time an electric field is
applied due to formation of electric dipoles in material, while 𝜀2 (𝜔) indicates
absorption in a compounds. It is observed that measured values of 𝜀1 0 depends (see
Fig.9.6 (a & b)) upon bandgap of the material, reveals that 𝜀1 𝜔 increasing from its
static values are 2.6 and 2.7 for A2Ti2O7 (A=Tb, Eu) respectively. The highest peaks
occurred at 3.8 eV and 4.2 eV A2Ti2O7(A=Tb, Eu) correspondingly. ε1 ω Starts
decreasing after reaching peak values as of the increase in photon energy and reaches
at zero around 8 eV.
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(a)

(b)
Figure 9. 6(a & b): Real part of dielectric function for A2Ti2O7 (A= Tb, Eu)
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On further increase in energy, it is also observed that 𝜀1 𝜔 becomes negative
which reveals that the medium will completely consider all the incident
electromagnetic waves and hence shown the metallic character of the material.
Furthermore it is observed that 𝜀1 𝜔 vanish at 9 eV, where zero crossing is related to
the position of the Plasmon excitation frequencies [183]. This peak of energy loss
function at about 12 eV arises as ε1 ω goes through zero and ε2 ω is small at such
energy; hence the condition for plasma frequency is fulfilled at 12 eV. The compound
exhibits transparent nature as the frequency of the incident light is greater than plasma
frequency.
As mentioned earlier that imaginary part of dielectric function ε2 ω has key
role for optical properties of materials. The imaginary part is related to concentration
of the medium; when its value is large then maximum absorption occur in the
material. Fig. 9.7 (a & b) reveals the nature of imaginary part of dielectric function
versis photon energy. Since 𝜀2 (𝜔) associated to the density of states, the peaks
observed can be related to the energy transitions observed in the Total/PDOS
indicating the transitions from valence to conduction band. The imaginary part is zero
when a material is transparent but turns into nonzero when absorption starts. At higher
values of energy, the spectrum reveals no structure and decays harshly with photon
energy.
To investigate the surface behaviour of material its reflectivity is calculated as ratio of
incident to reflected power. Fig. 9.8 (a & b) shows the reflectivity spectra of A2Ti2O7
(A=Tb, Eu) as photon energy‟s function.
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(a)

(b)
Figure 9. 7 (a,b): Imaginary part of dielectric function for A2Ti2O7 (A= Tb, Eu)

146

(a)

(b)
Figure 9. 8 (a , b): Reflectivity spectra for A2Ti2O7 (A= Tb, Eu)
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We observed that the reflectivity is smaller in the infrared region and the value
falls in the high energy region with several peaks. It is also observed that the
reflectivity of A2Ti2O7 (A=Tb, Eu) is important in visible and ultraviolet region up to
13 eV (reaching maximum at 12-13 eV) which shows interband transitions, this
material may be used as a coating material to avoid solar heating.
The refractive index and extension coefficient for A2Ti2O7 (A=Tb, Eu) can be
calculated by the relation 𝑛2 − 𝑘 2 = 𝜀1 and 𝜀2 = 2𝑛𝑘
The refractive index (see Fig. 9.9 (a & b)) reveals that how much light is bent,
or refracted, while entering in a material [184]. When the value of refractive index is
less than unity transport about group velocity inordinate than speed of light and nature
of medium is not now longer linear. Moreover, the material restored superluminal
medium for high energy photons [185, 186]. The refractive index of A2Ti2O7 (A=Tb,
Eu) is shown in Figure 9 (a , b) being photon energy‟s function from which we found
the static refractive index of A2Ti2O7 (A=Tb, Eu) is around 1.6 for spin up and down
polarization for compounds. This is relatively low in IR region, gradually increased in
visible and UV range and finally decreased.

(b)
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Figure 9. 9 (a , b): Refractive Index spectra for A2Ti2O7 (A= Tb, Eu)
The electron energy loss function 𝐿 𝜔 (see Fig. 9.10 (a & b) is significant
optical parameter indicates the loss ofenergy associated with speedy moving electrons
in a solid materials. The prominent maxima in 𝐿 𝜔 gives us detailed information
about plasma resonance and is also related to plasma frequency, exhibiting the energy
related to collective electronic charge density excitations inside material. It is clear
from the figure that no energy loss occurred for A2Ti2O7 (A= Tb, Tm) up to 4 eV,
while for A2Ti2O7 (A= Eu) up to 2 eV. On increasing energy, photons also exceed,
and energy loss is increasing and has maximum peaks around 12 eV for A2Ti2O7
(A=Tb, Eu)). Figure 9.10 shows Major peak initiate around 12 eV, which reveals
quick decrease in the reflectance. This extremum of energy loss function is related
with the plasma frequency which is responsible for behaviour of the material and can
be used as an interface between metallic and dielectric nature.

*(a)
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(b)
Figure 9. 10 (a ,b): Energy loss function spectra for A2Ti2O7 (A= Tb, Eu)
The extinction coefficient (see Fig. 9.11 (a & b)) provides information related
to absorption of light, and also about absorption at band boundaries. The peaks in
extinction coefficient and refractive index are raised because of the jumping of
electrons from VB to CB (interband). This response of extension coefficient is similar
as of ε2 ω for A2Ti2O7 (A=Tb, Eu). The local maxima for A2Ti2O7 (A=Tb, Eu) is
occurred at 4 , 7, 8 and 11 eV and for Eu is 5, 7 and 10 eV. It is also observed that real
part of dielectric function has lower values on these energy points.
Figure. 9.12 (a and b) indicates that real and imaginary parts of optical
conductivity (σ ω = σ1 ω + i σ1 ω of A2Ti2O7 (A=Tb, Eu) being photon energy‟s
function. Optical conductivity is also connected to function 𝜀 𝜔 = 1 +

4𝜋𝑖𝜍
𝜔

which is

frequency dependent. We examined that the calculated imaginary part of optical
conductivity of A2Ti2O7 (A=Tb, Eu) is negative upto 8 and 12.5 eV for Tb and Eu
doped materials and approaches toward positive as seen in Figure. 9.12 (a & b). Real
part of optical conductivity has many maxima and minima in the energy range 0-14
eV from the occupied and unoccupied stated of the materials. Since the material has
band gap according to the band structure, the photoconductivity starts around 8/12.5
150

eV (Tb/Eu doped). This result ensures the validity of our current DFT based
calculations. Furthermore, the photoconductivity of materials increases as a result of
absorbing photons [146].
The pyrochlores are interesting photocatalytic materials because it is possible
to tune their electron/hole mobility and electronic structure by choice of the A and B
elements. The charge mobility influences the photocatalytic activity by affecting a
probability for reaching reactive sites at a surface of the photocatalyst. Eu

3+

as an A-

site ion contributes to the high electron mobility and photoactivity by a simultaneous
effect of Eu- p/f orbitals that are responsible for upwards and downwards shift of the
valence and conductive band, respectively. Recently, pyrochlore A2Ti2O7 (A=Tb, Eu)
consisting of an interpenetrating cuprite (A2 O) tetrahedron with a corner sharing BO6
octahedron has received special attention as a promising photocatalyst. The reason is
that this material is capable of visible light absorption and has a relatively small band
gap (theoretical indirect and direct band gaps are 3.6 eV and 1.2 eV, respectively).
Eu2Ti2O7 pyrochlore oxide is widely studied due to its narrow band gap of 1.8 eV,
which means it can absorb the visible light below 480 nm. However, it still needs to
improve the photocatalytic efficiency and enlarge the visible light absorbed range to
realize indoor application of the photocatalyst. This would enlarge the light absorbed
range and accelerate the separation of the electron-hole pairs; subsequently.
Consequently, the material Eu2Ti2O7 can be used for the photovoltaic cells
applications.
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(a)

Figure 9. 11(a & b): Extinction co-efficient spectra for A2Ti2O7 (A= Tb, Eu)
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(a)

(b)
Figure 9. 12(a , b): Conductivity Spectra for A2Ti2O7 (A= Tb, Eu)
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Conclusions
A collective study of the optoelectronic and thermoelectric properties was
calculated by all electron techniques. Here in we will summarize our results from our
four published and one under review papers, as displayed in Table 1. In which one
paper shows metallic nature and the remaining papers show semiconducting natures.
The investigated band structures for the A2V2O7 (A=Fe and Co), Ag2Sb2O6 and
Cd2Sb2O7, ASbO3 (A=K, Ag and Cs), Ca2Nb2O7 and A2Ti2O7 (A=Tb, Eu) shows
direct band gap nature while for the indirect energy gap.
Table 1: Papers in the thesis

Paper
P1

Title

Authors
Muhammad

Irfan,

Effect

of

Journals

Coulomb

Sikander Azam, Safdar

interactions

Hussain, Saleem Ayaz

onoptoelectronic

Khan, M. Sohail,Madiha

magnetic characteristics

Makhdoom, Zaheer Ali,

of novel A 2 V 2 O 7 (A=

I.V.

Fe and Co) compounds

Kityk,

Shabbir

Muhammad,

Abdullah

Journal of Alloys and Compounds

and

G. Al-Sehemi

P2

Muhammad

Irfan,

Enhanced

Journal on Physics and Chemistry

Sikander Azam, Safdar

thermoelectric

Hussain

characteristics

Khan

,Saleem
,M.

Ayaz

Sohail

of Solids
of

Cs-

,

doped ASbO3(A= K, Ag,

Manzoor Ahmad ,Souraya

Cs) due to decreased

Goumri-Said

band

gap

through

modified Becke Johnson
potential scheme,

P3

MUHAMMAD IRFAN,

Optoelectronic

JOURNAL

SAFDAR

Structure and Related

MATERIALS

HUSSAIN,

SALEEM AYAZ KHAN,

Transport

SOURAYA

Characteristics

GOUMRI-

SAID, and SIKANDER

OF

ELECTRONIC

of

Ag2Sb2O6 and Cd2Sb2O7

AZAM

P4

Muhammad

Irfan,

Sikander Azam, Safdar

Specific

features

structural,
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of

electronic,

Physica B: Physics of Condensed

Hussain, Saleem Ayaz

optical

Khan,

characteristics

of

Zaheer Ali, I.V. Kityk,

cubic

calcium

Shabbir

pyroniobate Ca 2 Nb 2 O

M.

Sohail,

Muhammad,

Abdullah G. Al-Sehemi

7

and

elastic

crystals

Optoelectronic

P5

Matter

the

characteristics

Under review
of

pyrochlore oxides for
photovoltaic
applications

The exchange correlation potential approximation used were LDA and GGA.
Additionally, EV-GGA as well as modiﬁed Beck–Johnson‟s potential are also used
for the improvement of band structure calculations. Both GGA and LDA
approximations give small band gap than the experimental, this is due to
underestimation of conduction band state energies in the DFT computations. So for
most reliable results of optoelectronic and transport properties of the materials EVGGA and mBJ are used and remove all the discrepancy. The exchange corelation was
also used within GGA+U, where U is Hubbard parameter. Our calculated band gap
for different materials by using EV-GGA, mBJ and GGA+U are quite agree with
theoretical and experimental value. Moreover, for the optoelectronic and transport
properties of Pyrochlore oxides band gap plays significant role (See Table 2).
Table 2
Paper

Compound

Band gap
Previous

P1

A

2

V

2

O

7

Our calculated value

(A= Fe

and Co)

P2

ASbO3(A= K, Ag,

1.13eV [189],0.087eV[191]

2.3 eV, 1.3 eV,1.3 eV

2.7eV [187] and 3.0eV [188]

1.7 eV, 0.65 eV

Cs)

P3

Ag2Sb2O7

and

Cd2Sb2O7
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P4

Ca 2 Nb 2 O 7

1.44eV[190]

P5

A2Ti2O7(A=Tb,

4.0eV[192],2.5eV[193]

2.14 eV
3.60 eV, 1.29 eV

Eu)

Moreover, the effects of band-gap are particularly significant for optical
properties with the three dimentional (x, y and z) components and also for
thermoelectric applications. From the electronic structure study, the covalent nature
between the atoms of A2Ti2O7(A=Tb, Eu) and ASbO3 (A= K, Ag and Cs) is studied.
The Ag2Sb2O7 and Cd2Sb2O7 show large density of states at the filled and unfilled
states (i.e, at CBM and VBM), that results in higher Seebeck coefficient.
The energy dependent ε (dielectric function) was studied to investigate optical
properties. The graph for the optical properties shows inter/intra-band absorption in
the lower energy inside the band-gap. The A2Ti2O7 (A=Tb, Eu) materials shows large
band gap. The maximum reflectivity was found for A2Ti2O7 (A=Tb, Eu) in the visible
region and ultra violet regions that leads it for a potential application in photo-voltaic
side. As the A2V2O7 (A = Fe and Co) shows metallic nature so in its optical results the
intraband transitions was also included in along the interband transition. As a result,
the major contribution were found in low energy range (0.0 ∼ 2.0 eV) in optical
spectra.
These results shows that the reflectivity spectrum at low frequency ω i.e. in the
IR region is about 65%. As our interest in the absorption is at visible region, thus the
P1 is not fit for the potential application in photo-voltaic material. Similarly the
materials that are studied in P2, P3 and P4 have no such effective applications in the
optoelectronic side. Because, mostly the absorption occurs in the ultraviolet region.
Moreover the thermoelectric properties of ASbO3 (A= K, Ag and Cs) and
Ag2Sb2O6 and Cd2Sb2O7 materials were studied. The effects of exchange of Ag by Cs
on electrical and thermal transport have been focused. The replacement leads to
substantial increase in the PF (Power Factor), Ag site was replaced by Cs that resulted
on a significant increase of electrical conductivity, while still keeping the Seebeck
coefficient high and thermal conductivity low. The maximum power factor of 6.0 and
4.6×1011 𝑊/𝑚𝐾 2 𝑆 were obtained for, AgSbO3 and CsSbO3.
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Similarly the temperature dependening nature of electrical and thermal
conductivities, Seebeck coefficient, ZT as well as power factor, respectively, for
Ag2Sb2O7 as well as Cd2Sb2O7, materials. As the temperature is increased from 0 K to
850 K, the value of 𝑆 2 𝜍 increases from 0.20×1011 W𝑚−1 𝐾 −2 𝑠 −1 to 6.00×1011
W𝑚−1 𝐾 −2 𝑠 −1 for Ag2Sb2O7, and 2.15×1014 W𝑚−1 𝐾 −2 𝑠 −1 for Cd2Sb2O7. Hence,
replacing Ag by Cd leads to a minimum powerfactor. This shows that Cd2Sb2O7 has
lower carrier concentration compared with Ag2Sb2O7.
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