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Abstract
In this thesis DFT and Post-DFT techniques are used to explore electronic,
magnetic, mechanical, elastic, optical and thermoelectric properties of APd3 O4
(A = Ca, Sr, Cd and Tl) palladates. The electronic nature of these palladates are evaluated by using various theoretical models i.e LDA, GGA,
GGA+U, TB-mBJ and GGA+SOC. The calculated electronic band structure
of these compounds CaPd3 O4 , SrPd3 O4 , CdPd3 O4 and TlPd3 O4 show that
CdPd3 O4 is metallic and CaPd3 O4 , SrPd3 O4 and TlPd3 O4 are semiconductors. The band gaps of CaPd3 O4 , SrPd3 O4 and TlPd3 O4 are 0.12 eV, 0.10
eV and 1.10 eV, respectively. The calculated mechanical properties confirm
that these compounds are mechanically stable, elastically anisotropic and
ductile in nature. The calculated optical properties reveal that CaPd3 O4
and SrPd3 O4 are active in the infrared region of the electromagnetic spectrum and TlPd3 O4 is indirect band gap material and hence it is optically
not active. Due to the small energy gaps and dense electronic states of
these compounds around Fermi level, they seem to be good thermoelectric materials. Hence their thermoelectric properties are also evaluated
by using the Boltzmann transport theory. The thermoelectric properties
show that CaPd3 O4 has the maximum value of the Seebeck coefficient in
comparison with SrPd3 O4 and TlPd3 O4 for the given temperature range.
The calculated results are found in close agreement with the available experimental results in literature. The density functional theory (DFT) and
post-DFT calculations reveal the non-magnetic nature of these palladates.
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Chapter 1
Introduction
Ternary palladate compounds are expressed in chemical formula APd3 O4 ,
where A (Ca, Sr, Cd and Tl) atoms. Ichikawa and Terasaki [1] investigated crystal structure of these materials and have reported that the compounds CaPd3 O4 , SrPd3 O4 and CdPd3 O4 crystallized in the space group
Pm-3n (No. 223). Experimental measurements have revealed their lattice parameter values 5.73, 5.81 and 5.7420 Å respectively [2, 3]. However,
TlPd3 O4 crystalizes in the space group Fm-3m (No. 225), with lattice constant 9.5807 Å [4, 5].
The single crystals of the ternary palladates SrPd3 O4 and CaPd3 O4
were characterized by Cahen et al. [6] for the first time using the experimental technique Scanning Electron Microscopy (SEM). Muller et al. [3]
prepared CdPd3 O4 by providing reasonable heat to the reagent grade mixtures at 900 ◦ C of temperature and 200 atmospheric pressure of oxygen.
However, the compound TlPd3 O4 was obtained by reaction of Tl2 O3 with
PdO at 660 ◦ C [5]. The obtained compounds of palladium structures were
clarified on the basis of the coordination chemistry of Pd in various oxidation states [7]. Muller et al. [3, 8] analyzed the structure of these palladium
1

based compounds and from the reflection observed in the X-ray diffraction
they revealed that the two compounds are cubic and iso-structural.
The different oxidation states of palladium in its oxides are due to the
method of preparation. The divalent compounds of palladium can be prepared by the hydroxide flux method and can also be synthesized by conventional solid-state reaction. The higher oxidation states of these materials are obtained by high pressure method, such as Zn2 PdO4 [9], LnPd2 O4
(where Ln = La, Pr, Nd, Gd, and Y) [10, 11], and M4 PdO6 (M = Sr and Ca)
[12]. Panin et al. [13] reported several A-Pd-O compounds having A =
Na and K to understand the chemistry of palladium oxides. The complexoxide compounds were prepared and their structures were characterized.
The obtained compounds show different chemical structures which can
be easily explained in terms of palladium coordination environment in
various oxidation states [14]. CdPd3 O4 and TlPd3 O4 palladates were thoroughly studied experimentally, however the other materials of this group
needs to be investigated. A new type of potassium palladate KPd2 O3 was
synthesized from KO2 and PdO at elevated oxygen pressure.
Palladium oxides are divided into two main categories with reference
to the structural behavior, where Pd2 (divalent palladium) is characterized
in the planar coordination while Pd3 and Pd4 in the octahedral coordination [15]. In palladium oxides, the palladium has commonly two oxidation
states i.e. +2 and +4. The Pd2+ ion has commonly planar coordination and
is nonmagnetic in nature. Some examples of Pd2+ in octahedral coordination are, PdAs2 O6 , Ca2 PdWO6 . The stabilization of Pd4+ requires highly
oxidizing conditions like for Na2 PdO3 [13]. However, the Pd4+ oxidation
state has octahedral coordination and Pd3+ is rather unstable. Pd3+ has a
strong tendency for disproportionately into Pd2+ , whereas Pd3+ and Pd4+
2

found in perovskite LaPdO3 are characterized with octahedral coordination [10, 16]. Another series of single crystals containing lanthanide palladates, LnNaPd6 O8 (Ln = Tb - Lu, Y), were grown in sealed silver tubes
from sodium hydroxide fluxes [17].
Preparation of new complex materials is mainly based on a starting
point compounds, their compositions, their structures and environment.
All the oxidation states of palladium are generally dependent on the synthesis method of divalent palladium Pd2+ compounds for example the
ternary alkaline earth palladates SrPd3 O4 , CaPd3 O4 and Sr2 PdO3 [3]. Some
palladates in the mixed valent states are LnPd2 O4 where Ln = lanthanides
[10, 18], trivalent palladates (LaPdO3 type perovskite) [10] and tetravalent
palladates (Ca4 PdO6 and Sr4 PdO6 ) [12, 19].
Wnuk et. al [20] analyzed the chemical properties of the CaPd3 O4 compound having 9.24 % calcium and 75.76 % of palladium. The actual formula of this material corresponds to 9.47 % calcium and 75.41 % palladium. They found that at room temperature this material on the basis of
electronic structure is narrow band gap semiconductor. From the electronic structure they observed the resistivity of CaPd3 O4 as 0.10 Ω cm
[21, 22]. Further, decrease in resistivity of CaPd3 O4 is observed with the
increase in temperature. From recent study of CaPd3 O4 is excitonic insulator or some researcher say it topological insulator with zero energy gap
[23]. However, the thermoelectric effect clearly indicated that the nature
of carriers in this material are positive carriers i.e., holes [20]. The plot for
the electrical resistivity of CaPd3 O4 up to a certain extent was not regular
and dependent on temperature due to the presence of 4d transition metal
[24]. SrPd3 O4 and CaPd3 O4 are stable in the oxidation state of Pd+2 [12].
These palladium oxides have lower electrical conductivity, which re3

veals that these materials are of negative temperature coefficient of resistance [25]. The mixed valent palladium oxides with different oxidation states particularly two and four are favorable candidates for superconductivity. However two complications exist to synthesis such compounds. Firstly, palladium in oxidation state between two and four is
unstable and tends to disproportionate into Pd2+ and Pd4+ . While the
synthesis of high valent oxo-palladates requires extremely oxidizing conditions, e.g Pb2 PdO3 [26] which is synthesized at ambient oxygen pressure
like Zn2 PdO4 [9], Ln2 Pd2 O7 (Ln = Gd, Dy, Er, Yb, Sc, Y) and Na2 PdO3 ,
K2 PdO3 palladates [27].
The alkaline-earth palladate materials, SrPd3 O4 and CaPd3 O4 have many
applications in the catalytic analysis of organic reactions. Both of these
compounds are of similar structural composition and also exhibit small
energy gap behavior. It is found that isovalent ion substitution makes
CaPd3 O4 as a good TE material [4, 21]. It is reported that the figure of
merit is enhanced if Sr is replaced by Sodium in SrPd3 O4 [21]. CaPd3 O4 is
the most suitable material as excitonic insulator. This material is generally
used in sensing and switching devices [24].
The possible wide range technological applications of APd3 O4 (A =
Ca, Sr, Cd and Tl) type materials in the modern technologies make these
interesting compounds attractive for both experimental and theoretical
studies. However, a detailed study on the various physical properties of
these materials is missing in literature. Hence, a detailed theoretical and
experimental studies are needed to investigate various physical properties of these palladates. Keeping in view this critical point, this project
is focused on the theoretical studies of the physical properties of APd3 O4
(A = Ca, Sr, Cd and Tl) type cubic palladates. The results are obtained
4

through different techniques of density functional theory (DFT) and PostDFT. The structural, electronic, mechanical, magnetic, elastic and optical
behavior of these materials are investigated with GGA, TB-mBJ, GGA+U
and GGA+SOC. The thermo-electric properties of these materials are studied by using the semi-classical Boltz mann’s transport theory.

5

Chapter 2
Literature Review
In the present era, the academia, research community and industry have
keen focus on the transition metal (TM) oxides because of their intriguing chemical and physical properties, such as superconductivity, metalinsulator transition, thermo-electricity and catalytic reactions [2, 28, 29].
Large number of TM oxides i.e, mono, dia, tri and ternary oxides are available in nature. Platinum (Pt) and palladium (Pd) based oxides systems are
interesting because in these materials TM is placed between four coplanar
oxygen ions. The TM oxides, in which TM is located at the central position
play a significant role, because they are characterized by high decomposition and melting points [6, 30, 31]. Kim et al. [10] pointed out that the
oxides containing Pd3+ at normal pressure and temperature are quite rare.
However Kim et al. [10] prepared a series of compounds of LnPd2 O4 at
high pressures where Ln corresponds to rare-earth elements [32]. It has
also been noted that palladium oxide greatly affects the oxidation state of
palladium in the presence of alkali metals [13, 14, 26, 33].
The formation of SrPd3 O4 is enhanced through the dissolution of Sr2+
and then its re-deposition with Pd2+ instead of Pd4+ [34]. The obtained
6

chemicals have the average size of 35.5 nm per particle as obtained from
XRD, data. The scanning electron microscope images give the aggregate
information with substantial sintering, non-regular shape and disordered
surface. The insulator to metal phase transition is extremely important not
only for anomalous physical phenomenon, but is also practically interesting for the creation of the sensors and switching devices. The study of
Taniguchi et al. [4] indicates that SrPd3 O4 is an extremely small energy
gap material and thus this leads the material to be a good candidate for
the possible TE applications [35].
The compound SrPd3 O4 not only has promising properties related to
TE applications but is also attractive material for semiconductor devices
as these devices need a homogeneous p-n junctions. For this reason, it is
very important to check the related bipolar conductivities and also the TE
phenomenon of the doped SrPd3 O4 materials [21]. The diamagnetic property is prominent in the un-doped SrPd3 O4 . However, the experimental
results show that there is a very small Curie paramagnetic behavior which
suggests that this is due to the small amount of the localized spin moment
from both Pd2+ or Pd3+ . And this causes a valence shift from intrinsic
behavior in Pd2+ and is caused due to small oxygen deficiency in the sample. While introducing a small amount of Pd+ atom, a finite spin magnetic
moment can arise from unpaired electron spin in the dioxide orbital [34].
The most important of these oxides are monoxide PdO, dioxide PdO2 and
trioxide PdO3 . In PdO1− x , for x = 0, the material is insulator but for x >
0, semiconductor properties are displayed. PdO is used as a promising

catalyst for hydrocarbon oxidation [36].
The compounds of PdO are extracted through heating finely PdCI2 in
a NaNO3 melt at 520 ◦ C and PdO is the final product. The spectra of the
7

compound clearly shows that the energy bands of PdO is (∼ 2 to 3 eV), and
that the energy shift of the core levels (4 E = 2 eV) is important. Different

results suggest that the correlation between the d-electrons may be fascinating in PdO [37]. The overall observations and analysis on thin films
and single crystal shows semiconductor nature of PdO, however resistivity of PdO films measured in the temperature range from 77 K to 560 K is
of the order of 0.04 Ω cm [38].
The optical transmittance of thin films has been measured in the energy
range 0.5 to 5.4 eV. The dielectric function, the real and the imaginary part
of refractive index, as well as the optical conductivity were determined

by Kramers-Kroning analysis of the results [39, 40]. The photoconductivity measurements and optical absorption of this material indicated an
extrapolated band gaps of 2.13 eV and 2.67 eV, respectively [41]. The PdO
compound has widespread uses and many applications in catalysis of organic reactions. The compound has also technological applications, such
as in gas sensors, metal glaze resistors and specialized electrodes.

2.1 Crystal Structure of APd3O4-type Palladates
APd3 O4 types palladates, where A = Ca, Sr, Cd and Tl, exist in cubic phase
structure, as shown in Figure 2.1. These materials adopt Na x Pt3 O4 like cubic structure having specific atomic positions. The O atom makes twelvefold symmetry

8

Figure 2.1: Cubic crystal structure of APd3 O4 -types palladates.

9

at the center of the unit cell edges of these compounds, where atom A
occupying central position in the unit cell and B atoms laying at corners of
the unit cell. The compounds CaPd3 O4 and SrPd3 O4 crystallize in space
group Pm-3n (No. 223) with lattice constants a0 = 5.81 Å and a0 = 5.73 Å
respectively [2], while CdPd3 O4 [3] and TlPd3 O4 [5] in space group Fm3m (No. 225), with the lattice constants 5.742 and 9.5807 Å respectively.
The atomic positions of CaPd3 O4 , SrPd3 O4 and CdPd3 O4 are such that
Ca/Sr/Cd is at (0 0 0), Pd atom laying at (1/4, 0, 1/2) and O at (1/4, 1/4,
1/4). TlPd3 O4 compound exists in the atomic positions 24 Pd in 24d (1/4
1/4 0); 4 TI1 , in 4a (0, 0, 0); 4 TI2 , in 4b (1/2, l/2, l/2); 32 O in 32f (x x x)
where x = 0.1413. Similarly the atomic coordinates of CdPd3 O4 are 2 Cd in
(2a) (0, 0, 0), 6 Pd in (6c) (1/4, 0, 1/2) and 8 O in (8e) (1/4, 1/4, 1/4 ).

2.2 APdO2-type Palladates
Ternary oxide of chromium CrPdO2 is produced in the form of black powder by supplying heat to a mixture of Pd, LiCrO2 and PdCl2 at 800 ◦ C and
its thermal stability is up to 925 ◦ C. Its lattice constants are a0 = 2.9230
Å and c = 18.087 Å. Resistivity versus temperature were plotted at temperature (0 to 300 K) and potential versus oxygen evolution current plots
for CrPdO2 thin films were reproduced [38]. Fermi surface of palladium
based compounds are associated with very intense peak in the density of
states. On the other hand palladium is one of the most suitable candidate
depends on the magnetic susceptibility with particular peak at about 70 K
[42].
The reaction between PdO and TiO2 when diluted with Al2 O3 at temperature 500–800 ◦ C in open atmosphere by diffused reflecting spectra,
10

the bands growth confirm the reaction of titanium dioxide with palladium
oxide and the reduction of Ti1V is achieved at lower oxidation state. Palladium oxide dissolves in the TiO2 lattice and the interaction between Pd-Ti
is observed. From the data obtained, the thermal analysis curves reflecting spectra and the plots of resistivity versus temperature were taken for
the range 200-500 K [43]. Lead palladate PbPdO2 is obtained by providing
heat to palladium-black mixture of PbO in open atmosphere at temperature ranges from 600 to 700 ◦ C and the results were obtained after several
days. The black powder was unstable with respect to PbO and PbPd3 at
higher temperature above than 820 ◦ C, while the results from the X-ray
diffraction pattern show hexagonal like structure having lattice parameters values a0 = 10.902 Å and c = 4.654 Å. The synthesis from PdO and
PbO was occurred at temperature ranges 400–900 ◦ C [3, 44].

2.3 A2PdO2-type Palladates
Impure form of lithium palladates i.e Li2 PdO2 are prepared by providing
heat to the mixture of Li2 CO3 and Pd(O2 CCH3 )2 in a palladium foil boat
on a particular temperature ranges 700 –800 ◦ C, whereas this need a specific time of 24 hours in open air. Color of the product changes from deep
yellow to black. The yellow brown material exists in the form of pure materials. It is found from the result of X-ray powder diffraction technique,
that the needle shape like crystals of lithium palladates basically have the
structure similar to the body centered orthorhombic structure. The crystal
structure consists of lithium and oxygen atoms in the form of sheets which
are tetrahedrally coordinated and are parallel to (001) plane. Here each of
the palladium atom is surrounded by four different oxygen atoms in the
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rectangular planar arrangement [45, 46].
Yellow color diamagnetic powder nature of sodium palladates i.e Na2 PdO2
is obtained by heating equal amounts of Na2 O and PdO at temperature
nearly equl to 650 ◦ C and duration of time at least 4 hours in the presence of argon. In the same way yellow rod-like crystals of sodium palladate is prepared by heating Na2 O and PdO materials while taking the
Na: Pd ratio of ( 8: 1) inside palladium bomb in the temperature range
of 1050 ◦ C (2 d) or 750 ◦ C (3d) [26]. The Na2 Pd3 O4 is prepared by supplying heat to Na2 O2 or Na2 O PdO materials at temperature of 900 ◦ C
with the presence of dry Argon. A single crystal material was obtained
by using the technique of thermal decomposition method of Na2 PdO2 in
a sealed bomb, however the results were obtained at temperature of 1100
◦C

and required time of ≤ 24 hours [14]. PdO with Na2 CO3 were kept in

the open air and prepared by providing temperature of about 800 ◦ C were
also reported. A certain temperature for which the decomposition occurs
is 950 ◦ C was recorded which makes the rod-like (black) orthorhombic
crystals [47]. By providing heat to both sodium nitrates and palladium in
the open surrounding at 750 ◦ C to 1000 ◦ C or another word by supplying
heat to a finely divided palladium (Pd) metal with Na2 Co3 in the presence
of oxygen to achieve Nax Pd3 O4 bronzes. The structure of bronzes are cubic, with space group Pm-3n having lattice constant a0 = 5.654 Å [33, 48].
Sodium palladates is also a black diamagnetic compound which obtained
from Na2 PdO2 and dry air at 450 ◦ C in the long duration of time 350 hours.
The crystal is hexagonal in structure as well as reddish brown in the form
of Na2 PdO3 which is isostructural with Li2 MnO3 [49].
Potassium palladate i.e K2 PdO2 is prepared by heating PdO with necessary amount of K2 O at temperature of 600 ◦ C approximated time re12

quired about 4 hours. The symmetry and crystals structure is orthorhombic with space group Immm-D2h , whose electronic properties reveal semiconductor in nature with resistivities values 3.7 x 103 Ω. cm at temperature
of 295 K and 8.9 x 102 Ω. cm at temperature of 393 K [50].
Rb2 PdO2 material is a hygroscopic semiconducting black powder which
is achieved by supplying heat to mixture of RbO and PdO in a gold tube.
It is of the same structural composition as K2 PdO3 [26, 47]. MgPd3 O4
phase the Nax Pt3 O4 type structure is achieved when certain amount of
Mg(OH)2 /Pd mixtures with black color are heated at 200 atmospheric
pressure and 900 ◦ C temperature. The impure samples adopt the structure of the inverse spinel with Pd4+ ions in octahedral sites with lattice
constant a0 = 8.501 Å [3, 47].

2.4 A2PdO3-type Palladates
Strontium palladates i.e, Sr2 PdO3 preparation required mixture of PdO
and SrO by heating at temperature ranges 1250 – 1300 ◦ C and by using dry
oxygen for a definite time of 24 h. The orthorhombic structure like crystals
are brown in color with lattice constants a0 = 3.977 Å, b = 3.530 Å and c
=12.82 Å, while keeping Z = 2. Strontium palladates were found stable
thermally up-to temperature 950 ◦ C but liquefy quickly in hydrates and
the dilute acids in the presence of water [3]. The black crystals are found
cubic in nature with space group Pm-3n and lattice constant 5.825 Å [47]
or a0 = 5.826 Å [3, 48], while the interatomic distances between different
atoms are Pd-O = 2.059 Å, Sr-O = 2.523 Å and Pd-Pd = 2.913 Å [3]. Apart
from this additional data reported at a particular temperature range of
1020–1042 ◦ C, however resistivity of these compounds are observed at 298
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K = 48 Ω. cm as well as thermogravimetric (TGA) results [47].

2.5 A2PdO4-type Palladates
Barium palladates is one of the most important thermolysis pallatdate.
This material is obtained from Ba[Pd(OH)4 . Zinc palladate (Zn2 PdO4 ) is
like a brick-red material obtained by providing heat to the mixture of PdO,
ZnO and KCIO3 at temperature of 920 ◦ C, at pressure of 70 kbar and for
required time about 30 minutes. These compounds are found in the crystal having the inverse spinel structure in the cubic form. It is obtained at a
particular lattice constant a0 = 8.509 Å. The measurement of magnetic moment confirms low spin of these compounds. By considering palladium
Pd (IV), except a little amount exist in the tetrahedral lattice locations and
hence reciprocal magnetic susceptibility versus temperature (0–300 K) was
reproduced [9].
Bi2 PdO4 can be prepared from the combination of PdO and Bi2 O3 at
a particular temperature of around 500 ◦ C. This compound becomes reddish brown as well as melts by decomposing at particular temperature
into PdO, Pd and Bi2 O. Bismuth palladates are chemically stable materials. They are not soluble in water, dilute concentrated acids and alkalias. La2 PdO4 , La2 PdO5 and La4 Pd2 O7 ternary oxides were prepared by
supplying heat to the combination of lanthanum oxalate as well as palladium dimethyl glyoximate whose chemical formula is C4 H8 N2 O2 and are
in open atmosphere with temperatures of 500–600 ◦ C for the duration of
time two to three hours, then supplying heat at very large temperature
and then slowly cooled the product. By heating and then slowly cooling
the product for 200 to 250 hours at temperature 790–810 ◦ C gives brown
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La2 PdO4 , having space group 14/mmm [51].
These ternary oxides are prepared by supplying heat to the combination of neodymium oxalate as well as palladium dimethyl glyoximate
which has chemical formula C2 H4 N2 O2 in the open atmosphere at temperatures ranges 790 to 940 ◦ C for long time. By heating the mixture and
then slowly cool down the appropriate composition required duration of
time 200 to 220 hours of temperature ranges 790– 810 ◦ C gave Nd2 PdO4
as a dark brown crystal in solid form having space group 14/mmm.

2.6 A2Pd2O7-type Palladate
Indium palladate of A2 Pd2 O7 -type are obtained by providing heat to a
molar mixture of In2 O3 , PdO and KCIO3 at high temperature about 1000
◦C

and at a particular pressure about 65 kbar for the time interval of 4

hours or another words at temparture 700 ◦ C and pressure of 3 kbar in
the time interval of 8 hours. It possess in pyrochlore like structure having
space group Fd3m-Oh with lattice constant a0 = 9.92 Å [27].
A scandium palladates like pyrochlore Sc2 Pd2 O7 is prepared by providing heat to the molar mixture of Sc2 O3 , PdO and KClO3 at temperature
1000 ◦ C, whereas required pressure is 65 kbar and duration of time required 4 hours or at temperature 700 ◦ C and 3 kbar pressure for 8 hours.
These crystals exist in cubic structure with space group Fd-3m and lattice
constant a0 = 9.804 Å, while Y2 Pd2 O7 is prepared by heating molar mixture
of Y2 O3 , PdO and KClO3 at temperature of 1000 ◦ C, pressure 65 kbar, time
interval of 4 hours or at 700 ◦ C, pressure 3 kbar duration of time 8 hours.
The space group of pyrochlore structure is Fd-3m with lattice constant a0
=10.126 ± 0.002 Å [27].
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2.7 APd3O4-type Palladate
CaPd3 O4 is one of the most important material which can be obtained
when CaCO3 and PdO are continuously heated upto 800 ◦ C in a furnace.
A black powder is formed with a greenish cast. Wnuk et. al [20] investigated that CaPd3 O4 shows a p-type small energy gap having resistivity
value about 3 Ω. cm at liquid nitrogen temperature. Measurements further indicates these measurements were done on poly-crystalline materials
and therefore these may not be considered as the final. Later papers confirm the formation of CaPd3 O4 with space group Pm-3n, lattice parameter
a0 = 5.747 Å, decomposition temperature range 1010 ◦ C– 1040 ◦ C, and 1012
◦ C–

1063 ◦ C, resistivity value 4.0 Ω. cm and thermo gravimetric (TGA)

results [3, 47]. Three new black compounds of APd3 O4 type were synthesized. All three have the cubic Na x Pt3 O4 structure with unit cell constants
a0 = 5.826 Å for SrPd3 O4 , a0 = 5.747 Å for CaPd3 O4 and a0 = 5.742 Å for
CdPd3 O4 [3, 48]. Interatomic distances between different atoms are Pd-O
= 2.030, Cd-O = 2.486 Å, while shortest one is Pd-Pd is 2.871 Å. Whereas
observed resistivity is 2.1 Ω. cm at temperature 298 K, however for decomposition the required temperature laying in the interval of 820–860 ◦ C
[47].
Thallium palladate is obtained by providing heat to PdO, TlP3 or TlNO3
at temperature of 550 ◦ C. X-ray and neutron diffraction techniques are
used to determine its structure exist in the cubic structure, having space
group Fm3m-Oh with lattice constant a0 = 9.596 Å, Dcalc = 8.83 gm/cm3 ,
Dexp = 8.74(8), for Z = 8 or lattice constant a0 = 9.5807 Å. Thallium palladates are also in chemically mixed-valence which are Tl111 and Tl1 OxoPalladates. The structure consists of the square-planar PdO4 joined in a
three dimensional frame work of oxygen atoms by triply bonding in na16

ture [5, 52].

2.8 Other Palladates
Palladium makes mixed oxides or ternary oxides ”palladates” having s, p,
d blocks as well as f block metals which are exist in four different oxidation states and oxidation states ranges from 1 to 4. Among these oxidation
states the Pd (I) oxidation state exists in the ternary oxides material i.e
MPdO2 (where M = Cr, Rh and Co). The Pd (II) mixed oxidation states are
the most abundant some of the examples are derivatives of the alkali metals particulary M2 PdO2 , the alkaline earths MPdO2 and MPd3 O4 and the
lanthanides M2 PdO4 , M2 Pd2 O5 and M4 PdO7 where M =La, Sm, Nd, Eu,
Dy, Gd, Er, Ho, Tm, Lu and Yb. Palladium (III) oxidation states exist with
Palladium (II) in bronzes of the form Na x Pd3 O4 where x lies in the range =
0.8 to 1.0, whereas, the Palladium (IV) oxidation state exist in the alkaline
earth metal and alkali oxides having the chemical structure like MPdO3
as well as M2 PdO3 respectively and in the pyrochlores like structures as
M2 Pd2 O7 where M = In, Y, Sc, Gd, Dy, Yb and Er [47].

2.9 Magnetism in Palladates
Magnetism is a key feature of palladates and to understand the magnetic
properties of the compounds under study it is necessary to discuss magnetic properties. Magnetism is the most important physical property of a
material which is commonly used in our daily life.
Magnetic storage devices such as hard disk, magnetic tape for data
storage, magneto-optical disk etc are the main applications of magnetism
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[53, 54, 55]. Magnetism arises from the orbital as well as spinning motion
of electron in a material. Magnetism are classified in five main groups in
the following manner:

2.9.1 Diamagnetic material
The response of diamagnetic material to the external magnetic field is
always opposite in direction. The diamagnetic materials are not permanently magnetized and the permeability of these materials are always less
than permanent magnetic materials. Due to complectly filled outer most
shells diamagnetic materials have no net magnetic moments. The magnetic susceptibility of diamagnetic materials is always negative [51].

2.9.2 Paramagnetic material
Paramagnetic materials are weakly attracted by an externally applied magnetic field, which creates an induced magnetic field in the direction of the
magnetic field. These materials possess a small magnetic moment due to
unpaired electrons in the outermost shell. The alignment of electrons are
random but they are aligned in one direction when external magnetic field
is applied. Paramagnetic materials possess positive magnetic susceptibility and magnetization.

2.9.3 Ferromagnetic material
In magnetic materials, ferromagnetic materials is an important class of
magnetic materials due to their applications and uses. The magnetic domains are parallel aligned in the ferromagnetic materials and the response
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of the material is very strong to the external magnetic field. Direct exchange interaction occurs between the magnetic ions in elemental magnetic materials which is responsible for ferromagnetism, whereas in ternary
palladates the magnetism is due to indirect exchange interaction which is
responsible for ferromagnetism.

2.9.4 Anti-ferromagnetic materials
Magnetism in anti-ferromagnetic materials (AFM) are mostly related to
the spins of electrons. Almost all the electrons are associated in a regular pattern whereas the neighboring spins point in the opposite directions
[42]. Further, the magnetic moments of the AFM materials are divided
into two types. The adjacent atoms are ordered anti-parallel to one another for the magnetic moments. This clarifies that AFM leads to zero net
magnetization of a material.

2.10 Optical Properties
The understanding of the optical activities of the ternray palladates is of
great importance for their applications in optoelectronics and photonics.
The basic physics and chemistry of the compounds can be explained by
their optical properties. When photons of certain energy are made incident
on a material, then transfer of electrons take place from the occupied band
to the unoccupied band.
CaPd3 O4 and SrPd3 O4 are direct band gap semiconductors while TlPd3 O4
is an indirect band gap semiconductor. These compounds exist in the infrared region of the electromagnetic spectrum. Besides, the electron-hole
pair recombination tends to increase as a result in the indirect band nature
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slows down this process, such type of behavior is useful for preparation
of Solar cell [56].
It is well reported that materials having direct band gap nature are
optically active and for this reason these materials are taken into considerations. The optical properties of a material give us necessary information
for the useful applications of the material in photonics and optoelectronics
[57]. Literature confirms that energy gap of a material has an inverse relation with refractive index i.e, smaller the energy gap of a semiconductor,
larger will be its refractive index and vice versa [58].

2.11 Elastic Constants
There are different methods for the calculations of elastic constants in cubic phase. Elastic calculation of the crstal are calculated using Thomas
Charpin (2001) elastic code. C11 , C12 and C44 are three independent elastic constants in cubic symmetry, and obtained by using Thomas Charpin
elastic code. These elastic constants are very helpful to find out different properties of the material regarding the mechanical strength, ductility, toughness, brittleness, poisson ratio, anisotropy etc of the compound
[59, 60, 61].
Elastic constants are the parameters of the single crystal of material in
term of which elastic properties can be achieved. These constants gives us
useful information about the elasticities, the operating forces on the materials, nature of bonding, stability of the structure etc and many other
characteristics of the materials are obtained with the help of these elastic
constants. The average value of the isotropic shear modulus is the combination of both upper and lower bound values of shear modulus and is
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known as the isotropic shear modulus and can be demonstrated as
G=

Gv + G R
2

(2.1)

In this relation (2.1) Gυ , GR Voigt’s shear modulus and Reuss’s shear modulus respectively and individually can be written as
C11 − C12 + 3C44
5

(2.2)

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

(2.3)

Gv =
and
GR =

Whereas in equation (2.2) the term Gυ shows Voigt’s shear modulus
while in equation (2.3) the term GR indicates Reuss’s shear modulus. The
exact value of anisotropy factor A can be calculated by using values of the
cubic elastic constants C11 , C12 and C44 of the unit crystal with the help of
the following relation.
A=

2C44 + 2C12
−1
C11

(2.4)

This important relation (2.4) clarifies that if the anisotropy factor A has
zero value then the material is isotropic, other wise if the value is less than
zero or having higher value than zero exhibit the anisotropic phenomena
of the material. The expression for Young’s modulus and Bulk modulus
are given as:
Y=
and
B0 =

9GB0
Gv + 3B0

(2.5)

C11 + 2C12
3

(2.6)

The average mean velocity which can be expressed in term of longitudinal sound wave υl and transverse sound wave υt velocities is expressed
as: [46].
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1 2
1
υm = [ ( 3 + 3 )]−1/3 .
3 υt
υl

(2.7)

Where the sound velocities υl and υt can be expressed as
q
q
+4G
υl = 3B3ρ
and υt = Gρ .

2.12 Mechanical Properties
In practical applications of different materials, forces are always involved.
These forces in practical applications are studied by mechanical engineers.
The deformation (compress, twist and elongate)caused by a force or variation like temperature, pressure or any other are studied by the material
properties. To understand the nature of the compound the response of a
material to an external force is called elasticity. The elastic behavior of a
material is determined by shear modulus (G), Reuss shear modulus (G R ),
Young’s modulus (Y), Voigt shear modulus (GV ), Kleinman’s parameter

(ζ ), elastic anisotropy (A), bulk modulus (B), Poisson’s ratio (υ) and lames
constants (λ, and µ).
There are some other properties of materials like ductility, brittleness
toughness and hardness are called the mechanical properties and can be
determined from elasticity.

2.13 Cohesive Energy
The energy which is required for the separation of all the constituent bonds
of the molecules is called cohesive energy (Ecoh ). Columbic, magnetic and
gravitational interactions are the key forces in this regards. The main contribution comes from the columbic-interaction. The difference of the total
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energy and the energy of the individually separated atoms is cohesive energy Ecoh Gaudoin et al. [62]. This energy (Ecoh ) has a key role in the stability of materials. For stable materials this energy of the material must be
strong and vice versa. The cohesive-energies of these materials are computed by using the well-known expression [63].
Ecoh = Etotal − (2E A + 6EPd + 8EO ).

(2.8)

In equation (2.8) the cohesive energy is denoted by Ecoh and Etotal represents the cell energy of CaPd3 O4 , SrPd3 O4 , CdPd3 O4 and TlPd3 O4 ; E A and
EO are the free energies. Cohesive energy depends on energies of Ca, Sr,
Cd, Tl and O atoms. The cohesive energy and hence stability of a particle is usually found to be greater for larger sized materials and vice versa.
Furthermore, the cohesive energy is directly proportional to the power of
metallic bond of the material [64].

2.14 Thermoelectric Properties
A material which converts heat into electrical energy and electricity into
heat is called thermoelectric material. When the temperature is different
in two parts of a material, then electron flows from the higher temperature
region to the lower temperature regions, electric current is created. By using this technique current can be generated in the inner and the outer sides
of jackets, inside engines of vehicles and even between the air and human
body. The TE effects require higher gradient of temperature between the
surfaces of a material. Those materials which conduct heat are not suitable
for the TE effects, because due to conduction of heat the temperature of the
material does not remain different at different part for long time [65].
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For TE effect the material must conduct the electric current so that
small resistance is provided to the flow of electrons. This effect has received great attention due to energy crises and the environmental problems in the World. A lot of research work has been made and is in progress
for construction of high performance thermoelectric materials [66]. The
efficiency of such materials is quantified by the dimensionless figure of
Merit represented by (ZT). To get knowledge about the efficiency of materials the figure of merit is very fascinating which depends upon the Seebeck coefficient, the thermal conductivity (κ ) and the electronic conductivity (σ ).
The Seebeck effect is related to conversion of heat directly into electricity. The figure of merit can be increased with high enough electrical conductivity and thermoelectricity. Electrical conductivity can be measured
using electrical resistivity (ρ) of the material. It is determined by using
the voltage versus current graph while measuring the voltage drop when
a known current is passed through a TE material.
Thermal conductivity greatly contributes to the performance of the TE
material and hence it is of great interest. Many researchers are working
on the enhancement of the efficiency of TE materials while reducing the
thermal conductivity. The thermal conductivity of semiconductor is determined by phonon and it is due to free electrons in metallic conductors
[67, 68, 69].
The increased population throughout the world has caused remarkable
demand of energy. This has changed our environment drastically because
of the increased combustion of fuel. The economic and social life of human
being have been badly effected in the recent years because of the extensive
use of fossil fuels [70]. Therefore, the extra heat from different sources can
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be converted into useful electricity by TE effect, so that the energy crises
and the problems of environment are solved up-to some extent. A large
amount of heat comes to our environment from buildings, automobile and
industries, which can be used for the generation of electricity through the
thermoelectric generators [70, 71].
The two third of the used energy is exhausted to the environment,
where this waste energy can be used in favor of environment and the human beings [72]. Therefore, the search for good thermoelectric materials
is a key field of research to overcome the problem of waste energy with
high efficiency of converting heat into electricity. An excellent TE material
is one with large electrical and small thermal conductivities. Therefore,
extensive research is in process to explore new TE materials and improve
the TE properties of the existing TE materials [73].
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Chapter 3
Theory and Calculations Details
3.1 Density-Functional Theory
Density Functional Theory (DFT) is based on Hohenberg, Kohn and Sham
theories and is an effective theoretical approach describing the relaxed parameters or ground state physical properties of many body systems. It
is generally applied to bulk materials, atoms, molecules and compounds
having complex structures. The various properties of materials can be accurately predicted using this approach. This method uses quantum mechanical basis with computational techniques and is widely applied in
physics, chemistry as well as in materials science to investigate the ground
state structural and other physical and chemical properties of condensed
matter. DFT is also used for interfaces and two dimensional materials.
A many-body problem and its properties can be estimated by using electron density functionals in DFT [74]. The main focus in DFT is the use of
the density of electron rather than wave functions. The density functional
theory results, in most of the situations are found comparable with the
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experimental data.
DFT is considered as one of the most efficient techniques for the calculations of the various parameters of solids. DFT is the most popular
technique, known among the materials science researchers because of its
less computational cost and compatible results. Treatment of the many
body problem is possible by using DFT. Hohenberg and Kohn [75] suggested two theorems leading to the foundation of DFT. The first theorem
suggests that, for a system the lowest state properties can be exactly computed from the density of the electrons in the given system.
As a case of a system having a total of N electrons, there must be a
3N spatial coordinates, and in DFT these 3N variables can be reduced to 3
spatial coordinates by using electron density in the system. This extremely
useful technique is largely applied from its start and results obtained by
this technique are widely accepted. For this great scientific achievement of
DFT, W. Kohn and J. A. Pople [76] were awarded Nobel Prize in chemistry
in 1998. The achievements continuously in progress and in simulations
three more computational chemists, M. Karplus, M. Levitt and A. Warshel
were awarded the Nobel Prize 2013 in Drugs simulations [77].

3.2 Many Body Systems
A system having more than two particles is called many body system. In
many body atomic system the positive ions have locations at positions Ri
whereas the negative charged electrons of the same system are located at
the positions ri . In this case if each atom has atomic number Z, then a
system of N + ZN interacting objects is to be solved. Thus it becomes a
many-body system for which the Schrodinger wave equation can be Writ27

ten as:
(3.1)

Ĥ | ψ(r, R)i = E | ψ(r, R)i

In the above formula (3.1), the ψ(r, R) is the eigenfunction, E stands for
total energy and Ĥ indicates the Hamiltonian of the system. This value is
equal to the sum of kinetic energy operator and interaction caused by energies between electrons and nuclei for a given system. So the Hamiltonian
for a system of many atoms is;
h̄ 2
Ĥ = −
2

+

∇2Rx h̄2
∑ Mn − 2
x

1
8πε o

∇2rx
1
∑ me − 4πε o
x

1
e2
∑ |rx − ry | + 8πε o
x 6=y

e2 Zx
∑ |R x − ry |
x,y

e2 Zx .Zy
∑ |R x − Ry | .
x 6=y

(3.2)

In equation (3.2), the starting term on right side represents kinetic energy
of the nuclei, the second term in equation (3.2) shows the kinetic energy of
electrons, the third term in the above equation shows the interaction between electrons and nuclei, the fourth term indicates the electron-electron
interaction and the final term is for the interaction between the nuclei. All
these terms in the above equation have different contributions, therefore,
to solve this equation accurately is a very difficult task. To simplify the
problem, some approximations are used which are discussed below in detail.

3.3 Born-Oppenheimer Approximation
According to this approximation, the moment of nuclei is very small as
compared to that of electrons due to their heavier masses than negative
charged particle i.e electrons. The nuclei are considered to be almost at rest
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and the Hamiltonian is solved for the electronic part of the system. Hence
the energy due to motion i.e Kinetic of nuclei is taken as zero and also
interactions between the nuclei, has a constant value [78]. Which leads the
mathematical formulism for the Hamiltonian in the form of equation as
given below:
H = T + Vee + Vext

(3.3)

In this equation (3.3) the first term on the right hand side T shows the
kinetic energy (K.E), second term Vee is the interaction between electronselectrons interaction and the final terms Vext indicates the interaction between positive charge i.e, nuclei and negative charge i.e, electrons respectively.

3.4 Hohenberg-Kohn Theorems
It is clear that in the principle determinants the external potential related
properties of the system can be solved by using the Schrodinger wave
equation to quantum mechanical problems. There are two HohenbergKohn theorems used in quantum mechanics to solve different quantum
mechanical issues in the best way. Hohenberg-Kohn Sham equation for
the ground state of interacting electron gas in external potential is given
by [75];
E[k(r )] =

Z

1
V (r )k(r )dr +
2

Z Z

k (r ) k (r 0 )
drdr 0 + G [k]
|r − r 0 |

(3.4)

where G[k] shows the universal functional. The first Hohenberg-Kohn
theorem state that the density can be used instead of potential which is the
basic function and uniquely characterizing the system. Another word it
may be demonstrated as the ground state density k(r) uniquely determines
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the potential up to an arbitrary constant for non degenerate system the
ground state of wave functions Ψ1 and Ψ2 respectively. Let us assume that
Ψ2 is a trial wave function for potential υext (r ) and by using variational
principle.

hΨ2 |T + Vee + Vext,1 |Ψ2 i ≥ hΨ1 |T + Vee + Vext,1 |Ψ1 i

(3.5)

as both the wave functions having the same electron density so

hΨ2 |T + Vee |Ψ2 i ≥ hΨ1 |T + Vee |Ψ1 i

(3.6)

the total energy of the wave function remains constant. Further replace
all the wave function by Ψ[n] which give ground state wave function. The
exact ground state wave function having electron density n(r) gives the
kinetic energy functional and is given by the relation below.
T [n] = hΨ[n]| T |Ψ[n]i

(3.7)

Vee [n] = hΨ[n]|Vee |Ψ[n]i

(3.8)

The second Hohenberg theorem can be stated as ”The functional F[n] is
same for all the structures which related to electronic density, or simply
functional F[n] is universal” [79].

3.5 Kohn-Sham Equations
These equations are the back bone of DFT calculations. They are used
to convert the interacting electrons of many body systems to the noninteracting systems [80]. The Kohn-Sham equation is given as [81]:

[−

∇2
+ Ve f f ( x)] ϕy = ε y φy (r)
2
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(3.9)

In equation (3.9), The term − 12 ∇2 shows Kinetic Energy, the second term

Ve f f ( x ) is the effective potential which is summation of the external po-

tential V(ext) as well as exchange-correlation potential V( xc) , the parameter
ϕy shows eigen function and ε y is eigen value for jth electron.
Ve f f (r ) = Vext ( x ) +
and Vxc is
Vxc =

Z

k( x )
d x́ + Vxc ( x ).
| x − x́|

(3.10)

δExc [k(x )]
δn(x)

In this equation the term Exc [k(x )] is the exchange correlation energy term
and is formed exchange and correlation energies of the system. Where
k(x ) is given by:
k (x ) =

N

∑ ϕ y ( x ) ∗ ϕ y ( x ).

(3.11)

y =1

Here, in equation (3.11), the parameter ϕ y ( x ) is for the possible lowest
energy state of the Kohn-Sham formalism. This complex system of the
many body interacting electrons can be solved exactly by finding the accurate value of the exchange-correlation functional (E xc ). However the
result only can be approximated.
Exc [k] = Te [k] + TN [k] + Eee [k] − J [k]

(3.12)

In the formula (3.12), written above, the left side term E xc [k] is dependent
on different variables, as the kinetic energy of the electrons Te [k], kinetic
energy (K.E) of non-interacting system TN [k], the interaction between the
electron-electron is Eee [k] and the last term on the right hand side J [k] obviously shows the Hartree energy. From these assumptions the Schrodinger
like wave equation i.e the Kohn-Sham formulism is only applicable for a
many body system.
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3.6 Exchange-Correlation Potentials
In the First Principle study i.e, in DFT the Kohn-Sham equation is unable
for finding the exact value of the exchange correlation functional (E xc ).
To find out the exact value of the exchange correlation functional, different types of mathematical approximations are formulated. It is understood that the exchange term is dependent on spin states of the electrons
whereas the second term i.e., correlation is due to the Columbic potential
of the electron-electron interactions. Out of these approximations, some
are discussed below to find the exchange correlation energy for a system.

3.7 Local Density Approximation (LDA)
LDA is the oldest, popular and extensively applied functional as compared to other functionals [81]. In case of this functional the density of
electrons is assumed as uniform for a given system of electron gas.
LDA
[k] =
Exc

Z

3
k(r )ε LDA
xc [k(r )]d r

(3.13)

In the above formulism (3.13), the value “ε xc [k(r )]” is indicated the exchangecorrelation functional of individual electron. In this relation, Exc for the
local density approximation system is given in equation (3.13), as
ε xc [k(r )] = ε x [k(r )] + ε c [k(r )]

(3.14)

The electronic density is denoted by the term minimizing the total energy
of the system. A popular numerical method also available for solving
Schrodinger wave equations. DFT helps us to find out the best solution
for explaining the optimized structural properties of the electron systems
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via the universal functional. Whereas LDA gives best results for the uniform systems but the results deviate and mismatch from the experimental
data for nonuniform systems [82].

3.8 Generalized Gradient Approximation (GGA)
As LDA is unable and not fit to get the value of exchange-correlation functional for nonuniform systems i.e. complex systems. Therefore, the need
of other exchange corelation potential was required and the generalizedgradient approximation was formulated to achieve reasonable results for
non-uniform system. In this method the density is considered variable
[83]. Analytically this approximation can be written as;
GGA
Exc
[k0 ]

=

Z

3
ε GGA
xc (k(r )∇k(r )]d r

(3.15)

In equation (3.15), it is clearly evident that GGA is different from LDA.
The exchange-correlation per electron in LDA is a function of electronic
density while in GGA there are limitations of including the density gradient term in the calculations of the exchange-correlation energy. When the
spin term is included in GGA then the equation becomes as:
GGA
Exc
[k(r, ↑, ↓)]

=

Z

3
ε GGA
xc [(k ↑, ↓)∇k 0 (r, ↑, ↓)]d r.

(3.16)

Several flavors of GGA are available however, the commonly used type is
GGA(PBE) [84]. It was mathematically introduced by Perdew, Wang and
Burke [85]. Perdew and Ernzerhof, GGA PBEsol is another mostly used
flavor [86, 87]. GGA uses the charge density gradient which is helpful to
remove the shortcomings of LDA.
In several cases the GGA results are found near to the experimental
results in comparison to the LDA approach. Therefore, GGA is consid33

ered superior to the LDA for systems involving gradual variations in the
charge density. By comparing these two, it has been found that LDA is
more prominent than GGA for calculations of the structural properties of
those compounds where the charge density varies slowly. Exchange and
correlation functional can also be best described by LDA. Though GGA
provides better results than LDA but still it has certain drawbacks. We
have used GGA (PBE-sol) and GGA-SOC in this study for calculating the
electronic, structural, mechanical, thermoelectric and elastic properties of
APd3 O4 types ternary palladates.

3.9 GGA with Hubbard Potential (GGA+U)
The above mentioned LDA and GGA methods give good results in the
case of the electronic and magnetic properties while dealing with the arrangement other than highly correlated electron systems, for example,
when the system does not contain 3d, 4d, 5d or f states.
It is theoretically investigated that the 3d and 4f systems don’t have
tendency to overlap effectively with the ligand orbital. Hence, the 3d
and 4f systems orbital energies produce an error in the LDA and also in
the GGA calculations for a specified material. An advance approach, the
GGA+U is used for correct calculations of the strongly correlated systems.
This approach adds an on-site Columbic repulsion parameter called the
Hubbard parameter U [88, 89, 90]. The total exchange correlation energy
is the sum of EGGA and EU in GGA+U and is given by
EGGA+U = EGGA + EU
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(3.17)

where in this formulism EU shows
EU =

U−j
[(k m,κ ) − (k2m,κ )]
∑
2 m,κ

(3.18)

In the above formulism (3.17) and (3.18), the parameter U represents the
interaction between electrons, whereas J for the exchange parameters and
κ is used for the occupation number of the concerned orbital.

3.10 Spin-orbit-coupling (SOC)
Spin-orbit-Coupling is a quantum mechanical phenomena. The interaction of orbital angular momentum µl and spin angular momentum µs or
simply magnetic momentum µm of a particle mainly associated to SOC.
The spin orbit interaction is almost very weak than the Coulomb interaction and is responsible for the fine-structure of atomic lines.
The electron in any atom has a spin S as well as orbital angular momentum L and each angular momentum possess magnetic moment, therefore
spin orbit interaction is generated due to the combined interaction between µs and µl . The splitting of energy level of any molecule or atom
is mainly affected by SOC. It is also well known that a nucleus also has the
property of spin as well as magnetic moment, while the magnetic field interact with the nuclear magnetic moment by orbiting electron. Spin orbit
interaction is much stronger than other sort of interaction which produces
hyperfine structure of the various energy levels.
Due to increasing electron-electron interaction SOC effect will also increase [91]. In case of free atom or single molecule SOC decreases the degenerate states of wave function but with opposite spins. A semi-classical
model will easily explained and describe the origin of the SOC in case
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of simple system like hydrogen atom [92]. If we treat a free atom without SOC there must be created three degenerate p functions. In case of
condense matter physics spin-orbit interaction is very important for spin
based Hall effect and also important for topological insulator [93, 94, 95,
96].
In case of an atom’s intrinsic spin, spin orbit interaction greatly affects
the electron density and band structure; however it does not help in coupling between the spin and the mass motion of the atom. SOC mostly
focus a particle’s spin when it exist in motion and secondly happened for
moving particles in static electric field like nuclear field of an atom or another word crystal field in a compound. For SOC two internal spin can be
selected firstly pseudo spin-up state and pseudo spin down state [97].
A technique for the calculations of SOC in various electronic states,
where the interaction part is known as wave function [98], to incorporate
the relativistic effect in the theoretical study like electronic structure calculation for a system which possess heavy atom has attracted great attention
in the field of computational materials science.
In case of heavy atom the SOC value is larger as compared to small
atom due large nuclei and large number of orbitals. Generally the eigen
values and eigen functions in central force problem for the calculation of
SOC is carried out exclusively by applying simplified operator. In general
case SOC effect plays an important role when we treat the whole system
as hole, and electrons are less affected through SOC.
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3.11 Becke-Johnson Exchange Potential
To fulfill the shortcomings of the mentioned approaches i.e. LDA and
GGA and remove difficulty in DFT in case of calculations of the electronic
structures, the exchange potential was reformulated by Becke and Johnson
[99] and is known as the Becke Johnson exchange potential. The reformulated potential was found more suitable for the band gaps calculations as
compared to the LDA and GGA approaches. By using this technique we
are able to achieve good computed results as compared to the available
experimental data. In these calculations the BecKe-Roussel exchange potential is more effective and reliable flavor [100].

3.11.1 Modified Becke-Johnson Exchange Potential
The above mentioned approximations i.e, GGA, LDA, Becke-Johnson and
Becke-Russel are working significantly for extracting properties of the materials while applying the DFT approach. However, these approximations
failed to extract the exact nature of many materials which were observed in
experimentalists. So to reduce the considerations of Becke Johnson a modification in the Becke Johnson exchange potential was initiated so that the
exact electronic structures of solids may be obtained [101]. The computed
results by this flavor in this project were observed to be in closed agreement with the available experimental finding for several kinds of solid
materials. This potential leads to the results which were as accurate as can
be found by hybrid functionals (HF). The mBJ potential is expressed as
s
1
5tσ ( x )
mBJ
BR
( x) = cυλ,ν
( x) + (3c − 2)
(3.19)
υλ,ν
π 6k σ ( x )
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The term k σ ( x ) is for the spin based density of states, t σ ( x ) represents the
kinetic energy while the first term on the right side is the Becke-Roussel
potential [100] whereas c is given by:
c = Φ + ϕ(

1
Vcell

Z

d3 x

|∇k( x)| 12
)
k( x )

(3.20)

Here, in this case Φ and φ are known as free parameters and these are Φ =
-0.012 and φ = 1.023 Bohr 1/2 .

3.12 Optical Properties of Materials
Dielectric function has two components real part of dielectric function
e1 (ω ) and imaginary part of the dielectric function e2 (ω ). Mathematically the real part can be written in the form of equation (3.21) and can be
obtained from the imaginary part of the dielectric function e2 (ω ) and by
using Kramers-Kronig transformation equations [102].
2
e1 ( ω ) = 1 + P
π

Z ∞
e2 (ω 0 )ω 0 dω 0
0

ω 2 + ω 02

(3.21)

where in equation (3.21) P demonstrates the principle value of the given
integral. In the same way the imaginary part of the dielectric function can
be calculated from the following formula.
e2 ( ω ) = [

4π 2 e2
]
m2 ω 2 ∑
i,j

Z

i [ D ] J 2 f i ( 1 − f i ) δ ( E f − En − ω ) d 3 k

(3.22)

here in equation (3.22) D shows the dipole matrix, i and j represent the
initial and final state. En shows the energy of the electron in the n th state,
f i indicates the fermi distribution function in the i th state of the electron
and ω indicates the frequency of the incident photon beam. From these
dielectric functions i.e., e1 (ω ) and e2 (ω ) other parameters of the optical
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properties can be achieved like reflectivity, refractive index of the material,
energy loss function and optical conductivity can be obtained by using the
dielectric functions. The reflectivity R(ω ) explains the surface behavior of
the material. The reflectivity can be calculated by using the equation [103]
R(ω ) =

( X − 1)2 + X 02
( X + 1)2 + X 02

(3.23)

It is obvious from equation (3.23) that symbol ‘X‘ is the real part of the
refractive index while symbol ‘X 0 ‘ is the imaginary part of refractive index
which is also known as extinction co-efficient.
The refractive index n(ω ) and energy loss function L(ω ) of the material
can be calculated by using the following equations (3.24) and (3.25). To
obtained these values of the n(ω ) as well as L(ω ) the following relations
are commonly used for optical results.

n(ω ) =

q

e12 (ω ) + e22 (ω ) + e1 (ω )1/2
√
2

(3.24)

and energy loss function of the optical material can be calculated by the
following equation;
L(ω ) =

e2 ( ω )
[e12 (ω ) + e22 (ω )]

(3.25)

For different necessary optical aspects the electron-energy loss-spectroscopy
(EELOS) function is used [104]. It is an important tool which gives knowledge and useful information about elastically scattered electrons as well
as elastically non-scattered electrons and number and type of atoms being
struck by the beam [105, 106].
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3.12.1 WIEN2k Code
WIEN2k is a DFT related computer package [107]. It is used for analyzing the ground state properties of solid materials. The Wien code was
developed by Peter-Blaha and Karlheinz Schwarz [108] for the first time
in 1990. Later on this code was modified by inserting several changes
into it. Some of the modified packages are Wien93, Wien95, Wien97 and
Wien2k package [109]. DFT is a reliable available technique to perform the
electronic structure calculations and WIEN2k is one of the commonly used
codes for this purpose. WIEN2k works on the basis of the full potential linearized augmented plane wave plus local orbital method (FP-LAPW+lo).
It has several interesting features and uses all electrons. The calculations
are usually based on optimization of the materials structures and hence it
treats the characteristics of the materials at the 0 K temperature.

3.13 BoltzTraP Code and Boltzmann’s Transport
Theory
BoltzTraP code is an electronic structure based code which is utilized to the
transport coefficients for materials. The code was developed by renown
Madsen and Singh [110]. To find the transport properties of a material,
heavy k-mesh is needed for the self-consistent calculations. This code can
easily be interfaced to the WIEN2k and other electronic structure based
computational codes [107, 108].
The band energies are first expanded with the help of a smooth analysis of the Fourier expansion band structure having a specific space group
symmetry. Then the transport properties are calculated from the band
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structure with the help of Boltzmann’s transport theory. It provides a plate
form in which thermoelectric transport coefficients can be calculated with
less computational efforts [109]. The electrical conductivity and seebeck
coefficients like transport properties are calculated by using the constant
time relaxation approximation.
The energy information are preliminary computed with WIEN2k. The
derivatives which are necessary for the transport distributions are calculated from the analytical representation. The BoltzTraP package is very effective and reliable for calculating the transport properties even of the high
TC superconductors, intermetallic compounds and thermoelectric materials [111, 112, 113]. The electric current ~J can be written as:

~J = e ∑ di~vi

(3.26)

i

In the above equation (3.33) statement e is for charge, d i for population of
the carriers and ~vi corresponds to the group velocity associated to the particular state. In the similar way group velocity is mathematically written
as:

~vi =

1 ∂ei
h̄ ∂i

(3.27)

Concerning with the possible solution of Boltzmann’s equation for an i th
state of the population which can be influenced by a change due to external fields, where the fields may be electric or magnetic or temperature
difference and scattering of the carriers for a specific case. So for an external parameter’s which is effecting the system, then equation becomes:
∂di
e
1 ~
∂d
+ ~vi ∇r di + (~E + ~vi H
)∇i di = [ i ]scattering
∂t
h̄
c
∂t

(3.28)

For a situation when there is no external fields, then in this case the FermiDirac distribution function d(i ) is applicable to get solution of Boltzmann’s
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transport equation. In these equations the term time relaxation approximation make linearization in the scattering term.
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Chapter 4
Results and Discussion
The main objective of this study is to investigate the ground state, structural, electronic, optical, mechanical and thermoelectric properties of the
ternary palladates CaPd3 O4 , SrPd3 O4 , CdPd3 O4 and TlPd3 O4 compounds.
To calculate the physical properties of these materials like structural parameters, magnetic properties and band gaps are calculated by GGA, GGA+U,
GGA-SOC, mBJ improved mBJ approach in DFT, while the thermoelectric
properties are evaluated by the Post-DFT technique.

4.1 Ternary Palladates CaPd3O4 and SrPd3O4
4.1.1 Structural Properties
Alkaline-earth ternary palladates CaPd3 O4 and SrPd3 O4 compounds are
exist in cubic structure.
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Figure 4.1: Crystal structure of cubic unit cell Ca/SrPd3 O4 with space
group Pm-3n (No. 223).
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. The lattice constants of these compounds are 5.7471 Å and 5.826 Å
having the space group Pm3n (No. 223) [24, 2] as exhibit in Table 4.1. Unit
cell of CaPd3 O4 and SrPd3 O4 for these compounds is as shown in Fig 4.1.
We have taken the experimental lattice constants and then these unit cell
volume are optimized as shown in Fig. 4.2 CaPd3 O4 and SrPd3 O4 by using
the common Perdew-Burke-Ernzerhof generalized gradient approximation (GGA PBE-sol) functionals and fitted the result in Birch-Murnaghan
equation of state [114].
Also we have calculated the ground state energies of these compounds
in ferromagnetic, anti-ferromagnetic and non-magnetic phase and then
computed, the minimum energies of these compounds CaPd3 O4 and SrPd3 O4
are -64454.0 Ry and -74447.53 Ry, respectively in non-magnetic phase. The
evaluated lattice constants, bulk moduli, ground state energies, inner atomic
distance, cohesive energies as well as band gaps are presented in Table 4.1.
The experimental and computed lattice constants of these CaPd3 O4 and
SrPd3 O4 are only 0.121 % and 0.183 %, respectively and have a deviated
trend from each other [3, 115]. The small deviation is due to the correlation effect of such functionals which leads to tendency of over binding as
a result lattice constant become underestimate.
The bulk moduli which shows the hardness of the material have been
investigated for these compounds by using GGA-PBesol. The computed
bulk moduli show that CaPd3 O4 is much harder than SrPd3 O4 . Our results
show that the bulk moduli decrease with increase of lattice constant which
is a common experimental trend. The tolerance factor which show the
nature of structure of a unit cell can be calculated if one know about the
inner-atomic distance.
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Figure 4.2: Variation of total energy versus unit cell volume (a) CaPd3 O4
(b) SrPd3 O4
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The experimental inner atomic distance Ca-Pd, Ca-O, Pd-O, Sr-Pd, SrO, Pd-O are 3.2063 Å [2] 2.523 Å [3] 2.03 Å [20] 3.249 Å [2] 2.488 Å [3] and
2.0523 Å [115] respectively. Our evaluated bond lengths of these atoms
are tabulated in Table 4.1, which are much consistent with available experimental data. Our calculated distance between atomic radii is greater
than one which exhibit the extended bond nature and consistent with the
reported values of Beznosikov et al. [116].

4.1.2 Cohesive Energy
Cohesive energy is a basic parameter for understanding the formation of
compound as well as stability of the compound. Cohesive energy is the
difference of individual atom energy to the bulk energy of the compound
[117]. Cohesive energy of the crystal has much significance in condensed
matter physics as well as in chemistry [118]. The computation of cohesive
energy of compound is based on columbic interaction as well as atomic
size. The well known equation for calculations of cohesive energy of a
crystal APd3 O4 (A = Ca, Sr) is [63].
Ecoh = E APd3 O4 − (2E A + 6EPd + 8EO ).

(4.1)

The first term on the right of equation (4.1), stands for cohesive energy of
the unit cell of APd3 O4 (A = Ca, Sr), while the first term in the parenthesis
shows the free energy of first atom of the unit cell, second term in parenthesis exhibits free energy of the second atom while the last term specify
free energy of last atom of APd3 O4 (A = Ca, Sr) unit cell. The cohesive energies for these compounds APd3 O4 (A = Ca, Sr) have been investigated
for the first time by using GGA-PBEsol functionals which are -97.0780 eV
and -96.5980 eV as shown in Table 4.1. The cohesive energy decrease from
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CaPd3 O4 (A = Ca, Sr) to SrPd3 O4 which specify that CaPd3 O4 is more stable than SrPd3 O4 .

4.1.3 Mechanical Properties
Elastic constants, bulk modulus (B0 ), Young’s modulus (Y), shear modulus (G) as well as the Poison’s ratio are the mechanical parameters which
show the strength, brittleness, toughness, stability as well as ductility of
the material which have numerous application in engineering and advanced technology [119, 120]. The upper and lower bound value of a cubic crystal is represented by Viogot shear modulus (Gv ) and Reuss’s shear
(GR ). There are no experimental and computational results for these compounds. The mechanical properties of these ternary palladates have been
evaluated by different exchange correlation functionals. Recently Jamal et
al. [121] implemented a computational scheme in WIEN2k code.
The elastic constants C11 , C12 and C44 for cubic CaPd3 O4 and SrPd3 O4
compounds exhibit in Table 4.2. The numerical values of C11 , C12 and C44
are 295.6, 127.6 and 75.8 (GPa) for CaPd3 O4 and 276.1, 127.3, 88.5 (GPa) for
SrPd3 O4 . The stable cubic crystals have the following criteria; C11 - C12 >
0, C44 > 0 and C11 +2 C12 > 0 [122] and for further evidence it must obey
the criteria C12 < C11 . According to Khenata et al. [123] these materials
also obey the stability equation for elastic deformation i.e, C12 < B < C11 .
Our computed elastic constant holds the said criteria which confirm the
stability of cubic CaPd3 O4 and SrPd3 O4 .
The velocity of longitudinal sound waves, shear waves as well as Debye average velocity has been tabulated in Table 4.2. The longitudinal
sound velocity for CaPd3 O4 5486.69 ms−1 while for SrPd3 O4 is 6006.70
ms−1 . The sound velocity of SrPd3 O4 material is higher as compared to
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CaPd3 O4 [124, 125]. The computed values of shear sound velocity (Vs)
and Debye average velocity (Vm) for APd3 O4 (A = Ca, Sr) are 2720 ms−1 ,
3221 ms−1 as well 3053 and 3597 ms−1 . These calculations exhibit that
shear sound velocity as well as Debye average velocity in SrPd3 O4 is more
than CaPd3 O4 . The thermal characteristic of the APd3 O4 like phonon theory, atomic vibration and thermal vibration have been explained through
the Debye temperature. The Debye temperature can be calculated by using the following equation [126, 127].
Θ D = [(

h̄ 3n NA ρ 1/3
)( )(
)] Vm .
K B 4π
M

(4.2)

In Eq. (4.2), n is the number of atoms per unit cell, ρ is mass density ,
KB is Boltzmann constant and N A Avogadro’s number whereas h̄ is Plank
constant. The evaluated Debye temperature as well as its corresponding
densities of APd3 O4 (A = Ca, Sr) are 251.33 K, 292.44K, 7.426 (g/cm3 ) and
7.953 (g/cm3 ). The Debye temperature as well as density increased from
calcium to strontium in APd3 O4 (A = Ca, Sr), this is due to the varying
atomic size and electro-negativity of both the atoms. Our results are of
first kind for these materials, so these are the suggested values in the condensed matter physics and is test case fr experimentalist to verify the results and to study its different nature. The nature of bonding stretching as
well as bond bending is also an important parameter which is explained
by Kleinman et al. [128] for various compounds. The Kleiman parameter
is an interior property of the material and it has varying values for different compounds. The Kleinman parameter predicts the orientation of
the bond inside the materials. The zero value of Kleinman exhibit bond
bending while unity value show bond stretching in the interior of the materials. We computed the Kleiman parameter for both materials by using
GGA-PBEsol.
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The evaluated value of CaPd3 O4 is 0.7275 while the magnitude of Kleiman
for SrPd3 O4 is 0.7710 as shown in Table 4.2. It is clear that CaPd3 O4 exhibit less bond stretching than SrPd3 O4 . The bond bending nature is very
small in APd3 O4 family due to large value of Kleiman. The anisotropic
factor is also an important mechanical parameter which measures the nonsymmetry of elastic constants in a material [129]. The standard value of
anisotropic factor for an ideal isotropic material is one while the different
value leads to anisotropy.
The anisotropic factor can be obtained from elastic constants. The computed values of anisotropic factor (A) are shown in Table 4.2. The computed anisotropic factor of APd3 O4 exhibits deviation from unity. The deviation shows that these compounds are non isotropic in nature. The computed values of CaPd3 O4 and SrPd3 O4 are 0.902 and 1.189, respectively.
These different values show that longitudinal sound velocity, shear sound
velocity etc have different mechanical properties at different direction.
The Lame’s constants (λ) is also central parameter which explains the
parametrization of the elastic moduli in a compound. The Lame’s constants values have been investigated for the first time for these materials as shown in Table 4.2. Our calculated values of Lame’s constants for
CaPd3 O4 are λ = 19.67, µ = 128.84 and for SrPd3 O4 λ = 20.32 and µ =
132.1 respectively. The large value of SrPd3 O4 exhibits dominancy over
CaPd3 O4 in anisotropy which shows that SrPd3 O4 is more anisotropic
than CaPd3 O4 .
The Pugh ratio (B/G) [130, 131] is an important parameter for the identification of brittleness and ductility of materials. The limiting value between ductile and brittle compounds is 1.75. The value less than one
stands for brittle while larger value exhibits the ductile materials. Our
52

calculated value of Pugh ratio for these compounds is shown in Table 4.2.
The computed values of Pugh ratio for CaPd3 O4 and SrPd3 O4 are larger
than 1.75 which clearly explains the ductility of these materials.
Poisson ratio is an attractive parameter which provides the information
about the bond nature in a compound. The values of Poisson’s ratio are
varying from compound to compound. The ν = 0.1 value of Poisson’s
ratio for a material shows covalent bond nature while ν = 0.25 [132] stands
for ionic character of the compound. The computed values of Poisson’s
ratio for CaPd3 O4 and SrPd3 O4 are ν = 0.273 and ν = 0.270 [39]. These
compounds exhibit strongly ionic bond nature.

4.1.4 Electronic Properties
Electronic property of a material is an attractive parameter in understanding the optical nature of the compounds. The electronic properties like
band gap and density of states of these materials have been investigated
computationally by different exchange correlation functional like, GGA
with on-site Hubbard parameter U, mBJ and improved mBJ. All the calculated results are shown in Table 4.1. The calculated band gaps of these
materials i.e, CaPd3 O4 and SrPd3 O4 are also dipicted in figure 4.3 [24]. It is
obvious from the plot that valence and conduction band are not overlapping means there is some energy gap. The energy gaps of these materials
are very small. The calculated band gap of CaPd3 O4 and SrPd3 O4 are 0.12
eV and 0.11 eV. Both of these materials exhibit direct band gap nature. The
energy gap shows that these materials are active in infrared region. The
computed and experimental values are tabulated in Table 4.1.
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Figure 4.3: Band structures plots here (a, b) indicate CaPd3 O4 and (c,
d) indicate SrPd3 O4 ; whereas (a, c) represents GGA+U and (b, d) show
improved-mBJ
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Figure 4.4: Total density of states solid black color show by GGA+U and
red dot color show by improved mBJ of CaPd3 O4 and SrPd3 O4 materials
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Our calculated and available band gap shows that there is very small
difference between the experimental and computational band gap in CaPd3 O4
and SrPd3 O4 . These confirm the worth of our computational tools and indicates close agreement which demonstrates the reliability of our work.
To study the contribution of individual orbital in electronic band gap we
calculated the partial density of states of CaPd3 O4 and SrPd3 O4 as shown
in figure 4.4 and 4.5 (a,b). It is obvious from figure 4.4 and 4.5 that there is
a small energy gap in partial density of state which consistent to the band
gap. It is obvious from the figure 4.3 that for both compounds there is a
narrow gap between the top of the valence band (VB) and the bottom of
the conduction bands (CB), around the Fermi level.
The partial density of states of CaPd3 O4 and SrPd3 O4 have been computed for spin up as well as for spin down. CaPd3 O4 and SrPd3 O4 exhibit same nature for both spins which means that these materials are nonmagnetic in nature. Consequently CaPd3 O4 and SrPd3 O4 are narrow band
gap semiconductors for both spin up and down. Figure 4.5 (a, b) clarifies
the major contribution of varying orbital in which the foremost contribution in the valence band for each compound is owing to O-p hybridization
and Pd-d state around the Fermi level. The Pd-s and Pd-p and O-s state
states are hybridize to each other as a result valence band constructed as
shown in figure 4.5.
The electronic band gap contribution of each orbital in partial density
of states of CaPd3 O4 and SrPd3 O4 have been computed as shown in figure 4.3 and total density of state computed and depicted in figure 4.4.
The band gap of partial density of states is consistent to the calculated
electronic band gap of the compounds. There is a narrow band gap between valence and conduction of the CaPd3 O4 and SrPd3 O4 which reveals
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that these can be used as optical devices. The partial density of states of
CaPd3 O4 and SrPd3 O4 for both spin up and down have been computed
for the first time as shown in figure 4.5 (a, b) and figure 4.6 (a, b).
In figure 4.5 the results depicted are calculated by using improved mBJ
which show that these compounds are paramagnetic in nature. The major
contribution in conduction band of band gap as well as partial density of
states arise due to the hybridization of oxygen p- and palladium d- states
orbital around the Fermi level while oxygen s- state and palladium p- and
s- hybridization exhibits dominantly in valence band as shown in figure
4.5.
There is a hybridization among different orbital as shown in figure 4.6
(a, b) by using effective potential GGA+U represents the partial density of
state. Comparing the obtained results with both potentials the improved
mBJ has good results than GGA+U potential. The hybridization reaches to
the maximum about -7.5 eV for oxygen p- and palladium d- orbital around
the fermi level in CaPd3 O4 . Similarly, SrPd3 O4 exhibits three peaks about
Fermi level having values 6.3, 4.8 and 1.8 eV respectively.
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Figure 4.5: Partial density of states (a) red dash color show Sr/Ca -d state,
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state with improved mBJ of CaPd3 O4 and SrPd3 O4 .
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Figure 4.6: Partial density of states red color represents Ca/Sr-d state,
green color Pd-d and blue color O-p state by using (b) GGA+U for
CaPd3 O4 and SrPd3 O4 .
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4.1.5 Optical Properties
The optical nature of CaPd3 O4 and SrPd3 O4 materials has been investigated by different potentials. These compounds are narrow band gap direct materials. The computed band gaps of CaPd3 O4 and SrPd3 O4 are 0.12
eV and 0.11 eV. These materials exhibit direct band gap therefore these
materials are active in infrared region. Due to its low band gap these materials have numerous applications in infrared detector [133]. For understanding the optical properties of material the knowledge of energy loss
function, reflectivity, dielectric real and imaginary constant, refractive index as well as oscillator strength is necessary. All the said parameters have
been investigated computationally for the first time as shown in figure 4.7.
The polarizability of a compound is dependent on real part of the dielectric function. The real part e1 (ω ) of the dielectric function in the absence of external photon is 7.28. When an external photon of energy 1.59
eV incident its value reach to its maximum, after increasing the frequency
of external photon its value decline with some fluctuation and goes to zero
at 28 eV, then by increasing the external energy its values again start to
raise and beyond the 30 eV the refractive index become saturated. The
computed results of CaPd3 O4 is shown in figure 4.7 (a).
The imaginary part e2 (ω ) of the dielectric function has numerous application in describing the absorption of light by a medium. Large values
of imaginary part e2 (ω ) of dielectric function corresponds to large absorption of light. The imaginary part of dielectric function as show in figure
4.7 (b)and hence figure 4.7 (b) clarifies that CaPd3 O4 absorbing nature is
maximum in energy range of 0.016 – 31.1 eV. Various peaks in the figure
are owing to different inter-band transitions that computed between the
conduction band and valence band.
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Figure 4.7: Optical parameters (a) dielectric function, e1 (ω ) (b) absorption
coefficient, e2 (ω ) (c) refractive index n(ω ) (d) reflectivity R(ω ) (e) energy
loss function i.e., L(ω ) and (f) oscillator strength, σ (ω ) of CaPd3 O4 .
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The refractive index of CaPd3 O4 has been studied computationally first
time. The refractive index n(ω ) of CaPd3 O4 is depicted in figure 4.7 (c).
The refractive index changes with incident light photon. In the absence
of external photon the computed refractive index of CaPd3 O4 is 2.74. The
refractive index becomes zero at 30.6 eV of incident photon. The small
variation in refractive index arises due to the excitation and de-excitation
of presence of numerous inner energy states in CaPd3 O4 .
The reflectivity R(ω ) of CaPd3 O4 has been computed as shown in figure 4.7 (d). The reflectivity clearly clarifies the surface nature of a given
material. The reflectivity of CaPd3 O4 in absence of external photon is approximately equal to 0.2. It has been shown in figure 4.7 (d) the reflectivity
reaches to minimum value at 27 eV. The reflectivity goes to its maximum
value at 32 eV due to the collective plasma resonance
The different parameters like transmission, reflection, reflectivity can
easily be understood by computing electron energy loss spectroscopy (EELS)
[104]. The energy loss function is also helpful in examining the nature of
target atom as well as the scatter and absorbing incident photons [105,
106]. The EELS of CaPd3 O4 has been computed as depicted in figure 4.7
(e), there is a propagation as well as transparency observed in CaPd3 O4
and no scattering of photon is involved. Inelastic scattering as well as
maximum energy loss has been investigated in the intermediate energy
range, where extreme peaks are noted at energy range 31.05 eV.
The numbers of effective electrons related in the optical transitions are
evaluated in terms of sum rule. The oscillator strength or sum rule is a
dimensionless quantity and reveals the strength of transitions between valence band and conduction band. The electronic band gap, partial density
of states as well as EELS show that these materials are optically active in
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electromagnetic spectrum. The number of electron in conduction band is
very small and rise to 47 at energy 27.62 eV. The oscillator strength reached
to 58 at energy 30.55 besides this energy saturation in strength oscillator
arises as shown in figure 4.7 (f). Hence both compounds are optically active in the infrared region of the electromagnetic spectrum.

4.1.6 Thermoelectric Properties
Solid state materials have different properties due to their deferent electronic structures and are categorized as metals, semiconductors and insulators. Keeping in view the electronic structure, it is well established that
material which are narrow band gap semiconductors are found to be a
good thermoelectric. Thermoelectric materials are those materials which
can easily convert heat into electricity and the same in opposite direction.
The most important parameter to recognize the thermoelectric capability of a material is the Seebeck coefficient, which gives us the voltage produced due to temperature difference applied across the end of a material
[134]. Hence for this reason the Seebeck coefficient is calculated for both
compounds under study [135]. Seebeck coefficient mathematically can be
obtained from the relation S = 4V/4T, where 4V indicates the voltage

due to heat, however 4T represents the temperature difference [136, 137].

It is recognized that Seebeck coefficient can give important information

about the electronic structure for a material near Fermi level [138]. As an
example, if the value of Seebeck coefficient is moderate, then it indicates
the carriers to be of single kind, which is a sign of the semiconducting nature of the material [70]. In the present case of the calculated results of the
Seebeck coefficient values for CaPd3 O4 and SrPd3 O4 are plotted and are
depicted in figure 4.8.
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Figure 4.8: Seebeck coefficient (V/K) versus temperature (K) for the
CaPd3 O4 and SrPd3 O4
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The results plotted in the figure 4.8, indicates that the Seebeck coefficient have an increasing trend with increasing the temperature. Interestingly it is found from the calculated results, that in case of CaPd3 O4
the obtained results of Seebeck coefficient have similar trend as obtained
by experimental observations, however the trend of increasing reaches to
37.0 µV K−1 at temperature 400 K [1].
Similarly for the material SrPd3 O4 the same trend of increase of Seebeck coefficient is obtained, but this trend is up to 300 K, afterwards a
decrease is obtained with increase in temperature, however this trend is in
accordance with the experimental findings. The experimental results can
be found in the literature as given in the references [21, 139]. Furthermore,
the obtained Seebeck coefficient is positive for our calculated results and
this positive value indicates that the majority carriers in these compounds
are holes. Thus for the reason due high Seebeck coefficient in the lower
temperature range these materials are suitable for practical applications to
overcome the greenhouse effect due to waste heat.

4.1.7 Magnetic Properties
Magnetic property is one of the most important parameter of the material. Magnetic materials are divided into four common magnetic structures, ferromagnetic, anti-ferromagnetic, diamagnetic and non magnetic.
To compute the magnetic structure of CaPd3 O4 and SrPd3 O4 respectively
we optimized the unit cell of these compounds in anti-ferromagnetic, ferromagnetic and non magnetic structure. These materials have lowest energies in non magnetic structure; the difference in energy between non
magnetic and ferromagnetic structure ∆E = E PM -E FM is -2.0 × 10−4 Ry for

CaPd3 O4 as well as -4.7 × 10−3 Ry for SrPd3 O4 material. These energies
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difference exhibits that APd3 O4 are stable in non-magnetic phase.
The parameter magnetic susceptibility (χ) is one of the basic physical
properties in condensed mater physics. Its values are either negative or
positive. The negative value shows diamagnetic nature, the small positive values show paramagnetic while the large values exhibit ferromagnetic structure [140]. Magnetic susceptibility (χ) of a material depends
on temperature and it vary with temperature. The (χ) for both CaPd3 O4
and SrPd3 O4 is shown in figure 4.9. Samata et. al [115] determine the experimental magnetic susceptibility of CaPd3 O4 and SrPd3 O4 . Our computed results are highly consistent with available experimental data at
temperature 300 K. Magnetic susceptibility of CaPd3 O4 and SrPd3 O4 has
been evaluated in the temperature range 0 K to 400 K. There is a linear
relation between χ(T) and temperature in the range of temperature 200400 K. Therefore, both of these materials CaPd3 O4 and SrPd3 O4 are paramagnetic in nature; the plots are agree to the common Curie-Weiss law of
paramagnetism [140].
The computed χ (10−4 emu mol−1 ) has been plotted against the temperature as shown in figure 4.9. The plot value reveal that χ for CaPd3 O4
and SrPd3 O4 are 13.0 (10−4 emu mol−1 ) and 6.5 (10−4 emu mol−1 ) at 25 K.
The plot shows that χ dramatically decrease up to 250 K and then further
gradually decline with increasing temperature. The χ noted 1.0 (10 −4 emu
mol−1 ) for CaPd3 O4 and 0.50 (10−4 emu mol−1 ) for SrPd3 O4 at 300 K. The
calculated χ is positive and small in magnitude due to which the materials
exhibit the non magnetic structure [141, 142]. We also plotted the reciprocal of χ( T ) versus temperature graph which completely agree to the well
known Curie-Weiss law [143]. Hence the DFT as well as post-DFT results
confirm that these materials are non magnetic in nature.
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4.2 Ternary Palladates CdPd3O4 and TlPd3O4
4.2.1 Structural Properties
To calculate lowest possible energy state properties of ternary palladates
CdPd3 O4 and TlPd3 O4 optimization of each unit cell is carried out by using GGA and GGA-SOC in the frame work of DFT. The ground state structural parameters like lattice constants (a0 ), volumes (V0 ), bulk moduli (B0 )
and lowest optimum energies (E0 ) for the above two ternary palladates
are achieved by the fitted Birch-Murnaghan equation of state [114] and are
presented in Table 4.3.
For these materials the calculated lattice constants and volumes of CdPd3 O4
and TlPd3 O4 by GGA are 5.740 Å, 9.580 Å, 189.14 Å3 and 878.17 Å3 and by
GGA-SOC are 5.742 Å, 9.5830 Å, 189.32 Å3 and 880.04 Å3 , whereas ground
state energies are -1144359.56 eV, and -1943811.00 eV respectively through
GGA and by GGA-SOC are -1144977.43 eV and -1943824.66 eV. However
the reported experimental values of lattice constants of these compounds
CdPd3 O4 and TlPd3 O4 are 5.742 Å and 9.5807 Å, while volumes are 189.32
Å3 and 883.7 Å3 , respectively as clearly depicted in Table 4.3 [5]. The crystal structures of these materials as indicated in the plot 4.10. By comparing
the calculated data with experimental results shows a difference by GGA
and by GGA-SOC which reveal that GGA-SOC results are much consistent
to the experimental results and show the reliability of the work.
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Figure 4.10: Unit cell crystallographic structure of the cubic materials (a)
CdPd3 O4 and (b) TlPd3 O4
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4.2.2 Chemical Bonding
In order to elaborate the chemical bonding in these ternary palladates materials as well as charge transfer, the three dimensional investigation of the
electronic charge densities of APd3 O4 ( where A = Cd, Tl) along the (100)
and (110) crystal planes are depicted in figure 4.11. It is clear from figure
4.11 that CdPd3 O4 in (100) and (110) planes for both spin channels the Cd
and O atoms are noted to have spherical electronic charge densities. In
this case the range set for the electron charge densities is from - 0.5 – 2
states/a.u in both planes for each material.
The bond between O and Cd atoms seems to be large which clearly
shows its nature towards ionic bonding and less capability for the covalent
bonding. However, the electronic charge densities in TlPd3 O4 arrangement in (100) plane is ionic and in spherical shape, while in case of (110)
plan the Pd, O and Tl atoms are shared which indicates covalent bond nature is major and ionic bond nature is less capable. The overall behavior
of the electronic charge density indicates that the bond between various
atoms is dominantly ionic and obviously the charge transfer is much larger
as compared to sharing the electronic charge densities between different
atoms which shows covalent behavior is negligible in (100) plane. The total energy variations versus unit cell volume of CdPd3 O4 and TlPd3 O4 are
shown in figure 4.12 (a, b) which indicates volumes of materials at different energies and particulary at the ground state energy minimum volume
observed.
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For the detailed study of these materials the calculated bond lengths
of CdPd3 O4 are also tabulated in Table 4.3. The obtained bond lengths
of CdPd3 O4 are Pd-Pd = 2.92 Å, Pd-O = 2.06 Å and Cd-O = 2.53 Å. Similarly calculated bond lengths for TlPd3 O4 are Tl-Pd = 3.38 Å, Tl(1) -O =
2.34 Å, Tl(2) -O = 3.93 Å, and Pd-O = 2.00 Å . While the experimentally
available data for bond lengths of CdPd3 O4 are Pd-O = 2.03 Å, Pd-Pd =
2.87 Å and Cd-O = 2.48 Å [52]. It is very clear that the obtained results are
very consistent to the experimental results. It is highly recommended that
the size as well as the dimensions of the atoms which are set in a cubic
arrangement and depend on bond length between palladium and oxygen
i.e., Pd-O [3, 13]. To calculate the cohesive energy of ternary palladates
CdPd3 O4 and TlPd3 O4 using the following equation [63].
Ecoh = E APd3 O4 − (2E A + 6EPd + 8EO ).

(4.3)

In equation (4.3) the cohesive energy denoted by Ecoh and E APd3 O4 represents the unit cell energy of CdPd3 O4 and TlPd3 O4 ; EO and E A are the free
energies of O and Cd/Tl, respectively. The calculated values of E coh are 42840.941 eV and - 43277.004 eV for CdPd3 O4 and TlPd3 O4 , respectively.
The cohesive energy of CdPd3 O4 is higher than that of TlPd3 O4 . Therefore by comparisons the cohesive energies of these materials show that
CdPd3 O4 is more stable than TlPd3 O4 .
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4.2.3 Mechanical Properties
Mechanical-properties deal with determination of the response of crystals
to applied external force. These mechanical properties are based on the
independent stiffness coefficients i.e. Cij . The rest of the elastic coefficient
i.e. Young’s modulus (Y), shear modulus (G), Pugh’s ratio (B/G), Kleinman parameter (ζ ), Poisson’s ratio (υ), Cauchy’s pressure (C 00 ), anisotropic
ratio (A) and Lame’s Coefficients (λ, µ) are quantified using Cij .
The theoretically calculated values of the above parameters for CdPd3 O4
and TlPd3 O4 are presented in Table 4.4. The obtained elastic constants i.e.
C11 , C12 and C44 for CdPd3 O4 are 296.46, 149.55 and 93.70 GPa respectively while for TlPd3 O4 they are 238.25, 135.06 and 107.92 GPa respectively. Both of these materials satisfy the well known Born elastic stability
criteria C11 +2C12 > 0, C44 > 0, C11 - C12 > 0 and C12 < C11 [122, 144, 145]
in case of cubic systems.
The obtained values of isotropic shear modulus G can be obtained
from the average value of GV and GR and its value for both compounds
CdPd3 O4 and TlPd3 O4 are 85.00 and 80.25 GPa respectively. The Viogot
shear modulus corresponds to the upper bound of G values and Reuss’s
shear modulus for the cubic crystal corresponding to the lower bound values. For both materials CdPd3 O4 and TlPd3 O4 Viogot shear modulus values are 85.60 and 85.39 GPa, while the Reuss’s values for these ternary palladates are 84.40 and 75.12 GPa respectively. Further more, the obtained
result indicates the value of isotropic shear modulus for TlPd3 O4 material
is smaller than CdPd3 O4 .

75

From the Table 4.4 it is obvious that the values of bulk modulus are
smaller than the values of the Young’s modulus for both compounds which
confirm that both of these compounds are hard to be broken [130]. One of
the most important parameter of mechanical properties is Pugh ratio [131]
which is an indicator to know the ductility or brittleness of a solid material. If Pugh ratio (B/G) greater than 1.75 then the materials shows ductile
nature, otherwise the material is brittle nature. In the calculated results
Pugh ratio is very higher than 1.75 for both materials as listed in Table
4.4. Therefore in this case these materials have ductile nature furthermore,
CdPd3 O4 is more ductile than TlPd3 O4 material.
The internal strain is a significant parameter introduced by Kleinman
[128]. It describes the cation and anion relative positions in the materials
which gives us the information about the bending and bond stretching
behavior of the bond in material. In the case of bond bending, the value of
the parameter is approximately equal to zero; however for bond stretching
is nearly equal to 1. The Kleinman parameter (ζ ) values for both of these
palladates materials are given in Table 4.4 and its value is nearly equal
to 1, indicated that the bond stretching in TlPd3 O4 is found more than in
CdPd3 O4 compound.
The Poisson’s ratio (υ) gives information about the nature of bond. It
is about 0.1 for covalent bond, whereas for ionic bond Poisson’s ratio υ
is equal to or greater than value 0.25 [132]. The obtained results of υ =
0.311 for CdPd3 O4 and υ = 0.284 for TlPd3 O4 , show the high ionic nature
in these ternary palladates compounds. Material has a trend to become
incompressible nature when Poisson’s ratio reached to 0.5, however below this particular value the compound showing incompressible nature,
and the higher valued materials indicates trend of compressibility. The
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calculated value for both compounds CdPd3 O4 and TlPd3 O4 also represent the stability of these materials against the elastic deformation and the
compressibility. The Poisson’s ratio is also explaining the characteristic of
bonding force in these materials. For central forces in any material the
upper and lower limit is 0.5 and 0.25 [146] which show that inter atomic
forces are the central force in these ternary palladates compounds.
Lame’s constants (λ, µ) are commonly dependent on the material’s nature and temperature of the compound, while these are obtained from
both Poisson’s ratio and Young’s modulus [129]. The Lame’s constants
whose value are listed in the Table 4.4, which prove that these materials
are having anisotropic behavior. Furthermore, these compounds don’t fulfill the isotropic conditions i.e, λ = C12 and µ = C0 . The calculated values
of Lame’s constants for CdPd3 O4 material are λ = 141.45, µ = 85.60 and for
TlPd3 O4 , λ = 112.52 and µ = 85.39, show the dominance in anisotropy of
CdPd3 O4 as compared for TlPd3 O4 material, and clarify that CdPd3 O4 is
more anisotropic than TlPd3 O4 material.

4.2.4 Electronic Properties
To investigate the electronic behavior of CdPd3 O4 and TlPd3 O4 palladates,
electronic band structures, total and partial densities of states are calculated using different potential like GGA-SOC, GGA, and mBJ-GGA and
plots are depicted in figure 4.13, 4.14 and figure 4.15 respectively. For
all calculations the Fermi energy level E F is set at 0 eV, which coincides
with the top of the valence band (VB) and bottom of conduction band
(CB). Band structure is the key parameter in solid state physics, because
all the physical properties of materials are directly or indirectly related to
the band gap of the materials.
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Figure 4.13: Band structures by GGA, GGA-mBJ and GGA-SOC of
CdPd3 O4 and TlPd3 O4 compounds, here (solid black line) indicate GGA,
(dash red line) show GGA-mBJ and (dash green line) show GGA-SOC flavor.
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The obtained results of TlPd3 O4 show that the maximum of the VB and
minimum of CB is not at the same symmetry points and hence the material
show indirect narrow band gap character of value 1.1 eV. Further in case
of CdPd3 O4 there is no energy gap at the Fermi level and shows metallic
behavior for this material, as sketched in figure 4.13. In this case, the band
structure for both these ternary palladates compounds i.e. CdPd3 O4 and
TlPd3 O4 by using various exchange correlation potential are nearly similar
with a small difference observed. Further the band profiles of these ternary
palladates are similar for both spins in each palladates. Spin orbit interaction is dominant to clarify the effect of this interaction in these materials.
Theoretical investigation for the origin of the electronic band structures
and contribution of deserving electrons energy level in the band structure
can be explained on the basis of density of states. The total density of state
(TDOS) is depicted in figure 4.14 and the partial density of states (PDOS)
is sketched in figure 4.15. It is clearly observed from figure 4.14 that the
TDOS are not same for TlPd3 O4 compound using different exchange correlation potentials. For TlPd3 O4 at the Fermi level small energy gap laying
between the VB and CB which clarify the semiconductor behavior, however in case of material CdPd3 O4 the electronic density almost reached to
the Fermi level which shows the metallic like nature. From figure 4.14
it is noted that the densities calculated by GGA and GGA-mBJ potential
nearly gives similar results with a minor change in detail while for highly
correlated potential GGA-SOC is different in which the Tl and palladium
d-states of TlPd3 O4 compound are well localized. In these calculation we
noted that GGA-SOC flavor is more efficient in case of highly correlated
system and gives better result as compared to other potentials.
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And this shows the significance of GGA-SOC potential in highly correlated materials system.In the partial density of states energy is scaled with
respect to Fermi energy level in the range of -12.5–12.5 eV as shown in Figure 4.15. It is well defined from figure 4.15 (a, b) the atomic states of Cd
-d, Pd -d, Cd -d-e g and Cd -d-t2g states have the maximum contributions
in the VB. It is obvious from figure 4.15 (a,b) that both of the atoms Pd -d
and O -P states are cross the Fermi level which is the evidence for metallic
behavior of CdPd3 O4 .
There are no polarization seem in both states of PDOS profiles. The Cd
-d-e g and Cd d-t2g peaks are located at -8.5 eV in the VB while the major
contribution observed in the Tl-d-t2g state whose peak is located at -10.5
eV in the bottom of the valence band. In Figure 4.15 (b), it is well defined
that O -Px +Py states peak exist in the conduction band, whereas in Figure
15 (d), Pd -dyz , d -dx2y2 , Pd -dxy and Pd -dz2 states peaks are located at the
different energy level in the VB, while Pd -dyz , Pd -dx2y2 as well as Tl-d-t2g
minor contribution are found in the CB. In the Figure 4.15 (d) it is noticed
that all these states do,not cross the Fermi energy level which indicates the
semiconductor nature of the material TlPd3 O4 .
These potentials are very helpful and deal the exchange and correlation effect very well for the system which are highly correlated i.e, partially filled d or f-orbital in a good manner, which gives us better results
consistent to the available experimental results.
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4.2.5 Electrical Resistivity
Low resistivity is observed for CdPd3 O4 in Figure 4.16 at lower temperature and the resistivity (ρ) enhances with the increase in temperature,
which shows a metallic behavior of the compound. Whereas the plot of
TlPd3 O4 clearly shows that the resistivity ρ decreases with the increase in
temperature showing semiconductor behavior.
In a metallic compound, charge carriers are mostly free electrons and
the number of charge carriers remain constant with the increase of temperature but their collision produce resistance to the flow of current. Similarly
the number of charge carriers either holes or electrons in semiconductor
enhances exponentially with the increase in temperature. From the figure
4.16 it may be noted that with the increase in temperature, the conductivity is going up of the material, this increase in the conductivity with
temperature make the compound suitable candidates for thermoelectric
technological applications [147].
The experimentally calculated resistivity of CdPd3 O4 is found to be 0.5
Ω.cm. However theoretically calculated electrical conductivity of CdPd3 O4
is noted 2.1 Ω.cm, which support the highly conductivity of this material [25]. In these calculations the universal relaxation time for both compounds CdPd3 O4 and TlPd3 O4 are τ = 10−14 Sec is used [148]. To predict
this theoretical calculation of these materials, it would help to material researcher for further necessary information and data calculation in future.
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Figure 4.16: Electrical Resistivity Versus Temperature plot of (a) CdPd3 O4
and (b) TlPd3 O4
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4.2.6 Optical Properties
An attempt is made to study the optical properties of CdPd3 O4 and TlPd3 O4
in the present work. Among these materials TlPd3 O4 is noted an indirect
band gap semiconductor having band gap of 1.1 eV which lies in infrared
region of the electromagnetic spectrum. Besides, the electron-hole pair recombination tends to increase as a result the indirect band nature slow
down, such type behavior is useful for preparation of Solar cell. Here, the
optical properties of TlPd3 O4 are computed in term of the real component
e1 (ω ) and imaginary component e2 (ω ) of dielectric functions, refractive
index n(ω ), energy loss function L(ω ) and oscillator strength σ (ω ). These
properties are obtained by using GGA-mBJ technique and are represented
in figure 4.17.
The system linear response when it is subjected to electromagnetic radiations is explaining the real and imaginary parts of the dielectric function. From the figure 4.17 (a) value of static dielectric function e1 (0) for
TlPd3 O4 is 13, beyond this value the plot of real part of the dielectric function rises suddenly and gradually reach to highest value 19. After this
highest peak value the plot is dropped down with several humps which
are related with inter band transitions.
From the curve in plot 1.2 eV value of the optical band gap is achieved
from imaginary part of dielectric function e2 (ω ) which is consistent to the
calculated band gap 1.1 eV obtained through the band structure . In these
results the imaginary part starts from zero level and reached to maximum
of 16.85 at the energy of 3 eV and then further starts to decrease. The resonance frequency of the plasma for TlPd3 O4 can be calculated from the
energy loss spectrum. From the figure 4.17 (b) it is conclude that maximum loss occur in the resonant energy at 26.5 eV which corresponds to
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the plasma frequency. The energy loss function L (ω ) is an important
parameter, and it describes the energy loss of the incident photon while
traversing through the material in medium. Loss of the energy in inelastic
scattering may be theoretically measured via the electron energy loss function. From the plot it is obviously clear that the energy of incident photon
is much higher than the optical band gap, and there is significant energy
loss observed and reaches to peak 3.5 values in the energy range 24-26 eV.
The ability of the material to transmit or bend light as it passed through
is described by its refractive index. The value of the refractive index at
the zero frequency limit n (0), is 3.6 as depicted in figure 4.17 (c). By increasing the energy of the incident photon, the normal index of refraction increase up to large humps which correspond to fundamental band
gaps. The index of refraction reaches to highest peak value of 3.5 eV, and
then abruptly decreases and drop below the unity at energy of 24.5 eV. For
wider band gap materials the value of refractive index is smaller and vice
versa. The refractive index measures the information carrying the phase
velocity. From this particular velocity it is easy to predict the speed at
which the crest portion of wave move and become faster than the speed
of light. By means of this the refractive index goes below unity. From
the calculation it is understood that the larger band gap of material gives
smaller value of the refractive index while smaller band gap yields larger
value of the refractive index which is obtained in the real part of dielectric
functions.
To analyze the number of valence electrons concerned in the inter band
transition per unit cell. We evaluate the oscillator strength σ (ω ) or another
words sum rule.
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Figure 4.17: Optical parameters (a) Real and Imaginary components of
dielectric function, (b) Energy Loss function, (c) Refractive index and (d)
Number of effective electrons of the compound TlPd3 O4 .
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The σ (ω ) is a dimensionless factor in the study of optics, which describes the absorption as well as emission probability of the electromagnetic radiation during transition of an atom or molecule in energy levels.
The σ (ω ) or sum rule for TlPd3 O4 is plotted in figure 4.17 (d). In particular
energy which is equal to or less than 2.4 eV the effective number of electrons which is transfer from VB to CB is noted to be zero [58, 149]. Ahead
of this critical energy value there is rapid increase noted in the number of
effective electrons. The saturation of electrons is noted energy higher than
30 eV. There are high reflection peaks at energies 4 eV, 8 eV, 14 eV, 23.5 eV
and 30.0 eV corresponding to negative values of e1 (ω ).

4.2.7 Thermoelectric Properties
It is calculated approximately that for low conversion efficiency of the bulk
alloy, the efficiency is evaluated by a dimensionless quantity (ZT) which is
termed as figure of merit [150, 151]. The TE materials are capable of converting directly and reversibly heat to electrical energy. Biswas pointed
out that for temperature difference between hot and for the situation with
a low temperature side at 350 K and a high temperature side at 950 K, the
efficiencies of 16.5 % and 20 % attainable, and this leads to many applications like automotive waste heat, military purposes as well as uses in
marine waste heat recovery systems [65] and the main purpose of all thermoelectric (TE) energy conversion in all-solid-state technologies is conversion of heat into production of power generation and vice versa [152]. The
practical use of TE materials is however very limited and materials show
low ZT, and is in accordance of the Carnot efficiency obeying the second
law of thermodynamics [72].
Thermoelectric materials are of two types either n or p-types. In the
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recent years, the materials CdPd3 O4 and TlPd3 O4 are of the keen interest
to be good p-type thermoelectric materials. And these ternary palladates
are considered to have great potential and unique tendency to overcome
energy crisis in the world [153].
Seebeck coefficient is an important parameter and plays a significant
role in the efficiency of TE materials. Those solid materials which contain
higher Seebeck coefficient possess high figure of merit values, which generalize as higher the efficiency will convert more heat energy into power
generation and vice versa. To achieve high values of the calculated Seebeck coefficients of these study palladates are plotted versus temperature
in figure 4.18. Results of both materials show that Seebeck coefficient of
TlPd3 O4 narrow band gap semiconductor is much higher than the Seebeck coefficient of CdPd3 O4 . In TlPd3 O4 the Seebeck coefficient start from
lower value 11 µ V K−1 at temperature 45 K, and the peak value 31.8 µ V
K−1 occurs at temperature 150 K. Here in the study of CdPd3 O4 the Seebeck coefficient begins from negative shoulder value of -13.5 µ V K −1 at
lowest possible temperature 50 K and abruptly increases to the value of
21.5 µ V K−1 at temperature of 100 K. Then by further increasing temperature, the Seebeck coefficient goes on increasing and reached to the highest
peak value of 27 µ V K−1 for given temperature of 200 K. From the figure
4.18, we analyze that further increasing of temperature there is no significant change occurs but slightly decreasing phenomena is observed.

4.2.8 Magnetic Properties
Magnetic properties of of CdPd3 O4 and TlPd3 O4 are mainly associated
with the spin and also depends on orbital motion of the electrons in an
atom or compound and gives us information about the
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Figure 4.18: Seebeck coefficient (V/K) versus temperature (K) for the compound (a) CdPd3 O4 and (b) TlPd3 O4 .
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electrons interaction taking place with each other. In case of magnetism
the magnetic susceptibility χ (T) is an important parameter to describes
the magnetic order and reaction of the material to external field, applied
to the material. To verify the stability and stable phase of these palladates
Boltzmann-transport theory is utilized in the BoltzTrap code [154] to calculate the χ (T) versus temperature T and its inverse values are also depicted
in figure 4.19. To get information regarding to magnetic nature of solid
materials magnetic susceptibility play a pivotal role and explains the behavior as well as phase-transition at different temperature. The magnetic
susceptibility χ (T) for both ternary palladates is calculated theoretically
between 0–900 K of temperature ranges.
The figure 4.19 clearly reveals that CdPd3 O4 peak value 13.5 µ emu
mol−1 and TlPd3 O4 peak value 9.8 µ emu mol−1 at temperature 0 K, whereas
decreasing on further increasing temperature and become constant at temperature 600 K. In the temperature ranges 600–900 K the calculated χ (T)
is observed linear for both these materials. Hence from χ (T) plots as well
as from inverse magnetic susceptibility plots both of these palladates materials are paramagnetic in nature. To study the plots are much consistent with Curie-Weiss law of paramagnetism [140]. The results plotted
in the figure 4.19 which can be clarified on the basis of Curie-Weiss law.
The plot clearly indicates that magnetic susceptibility of CdPd3 O4 and
TlPd3 O4 show paramagnetic nature and further clarify about Neel temperature which is closed to other ternary palladates materials reported
earlier. In case of inverse magnetic susceptibility plot of figure 4.19 shows
the magnetic susceptibility of these ternary palladates compounds are decreased with rise in temperature.
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Figure 4.19: Magnetic susceptibility represent in plot (b) and its inverse
magnetic susceptibility versus temperature of CdPd3 O4 and TlPd3 O4
shown in plot (a)
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Chapter 5
Conclusions
The electronic structures, thermoelectric, optical, magnetic, elastic and mechanical properties as well as cohesive energies of APd3 O4 (A = Ca, Sr, Cd,
and Tl) types ternary palladates are expressed by different density functional theory (DFT) and post-DFT techniques.
Our calculations of the electronic structure of the palladate compounds
show a very good agreement with the experimental results and there is
very small difference between the experimental and computed band gap
in CaPd3 O4 and SrPd3 O4 . CaPd3 O4 , SrPd3 O4 and TlPd3 O4 are narrow
bandgap semiconductors for both spin channels, while CdPd3 O4 is metallic material. The cohesive energies for these compounds APd3 O4 (A = Ca,
Sr, Cd, Tl) are -97.0780 eV, -96.5980 eV, -42840.941 eV and -43277.004 eV.
These results conclude that the compound TlPd3 O4 is the most stable on
the basis of cohesive energy and SrPd3 O4 is least stable compound.
Optical properties of the palladates based on the electronic structure
computed for the semiconducting materials CaPd3 O4 , SrPd3 O4 and TlPd3 O4 ,
show that the most suitable material for optical applications are CaPd3 O4
and SrPd3 O4 because of its direct band gap, while TlPd3 O4 is optically
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inactive due to indirect band gap semiconductor. And in the absence of
external photon the computed refractive index of CaPd3 O4 is 2.74. The
refractive index becomes zero at 30.6 eV of the incident photon. The small
variation in refractive index arises due to the excitation and de-excitation
of presence of numerous inner energy states in CaPd3 O4 . The reflectivity
of CaPd3 O4 in the absence of external photon is approximately 0.2, further
reaches to maximum value at 32 eV due to the collective plasma resonance
and then decay to minimum value at 27 eV. There is significant energy loss
observed and reaches to peak 3.5 value in the energy range 24-26 eV. The
oscillator strength for CaPd3 O4 is very small and rise to 47 at 27.62 eV.
Our computed elastic constant holds the Born elastic stability criteria
which confirms the mechanical stability of these materials. The velocity
of longitudinal sound waves, shear waves for CaPd3 O4 is 5486.69 ms−1
while for SrPd3 O4 is 6006.70 ms−1 . The large value of SrPd3 O4 exhibits
dominancy over the rest of the materials in anisotropy which shows that
SrPd3 O4 is the most anisotropic. The computed values of Pugh ratio for
all compounds are larger than 1.75 which clearly indicate the ductility of
these materials however, CdPd3 O4 is the most ductile of these materials.
The calculated Seebeck coefficient for CaPd3 O4 and SrPd3 O4 materials
are positive, which indicate that the majority carriers in both compounds
are holes. The Post-DFT calculations of magnetic susceptibility confirm
that these compounds are paramagnetic materials. In these systems, it is
found that the electronic nature and related properties of the palladates
are affected by spin-orbit coupling. The computed values for magnetic
susceptibility shows that this value at initial decreases with temperature
abruptly up to 250 K. The calculated magnetic susceptibility show the
paramagnetic structure of these materials.
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