
Z Á P A D O Č E S K Á U N I V E R Z I T A V

P L Z N I FAKULTA STROJNÍ KATEDRA
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Abstract

Advancement in optical telecommunications and optical computing devices has in-

creased the demand for materials with greater optical coefficients. For that reason,

several materials with suitable optical properties have been designed, some of which

are based on the family of quaternary chalcogenide compounds. Their flexibility in

varying composition as well as structure allows tuning their optical properties.

Quaternary chalcogenide compounds have gained popularity due to suitability

for a wide range of technological applications, such as photovoltaic, optoelectronic,

thermoelectric, medical, etc. Recently, these materials have been utilized more

extensively owing to their improved thermoelectric and optoelectronic properties.

Most of the extant work has been performed in synthesizing the compounds and

studying their thermoelectric properties.

Theoretical studies are considered fundamental in the evolution of novel mate-

rials and devices for various industrial applications. Applying the first principles

method, it is now possible to access a database of crystal structures and use com-

puter software to predict and understand material properties when experimental

measurements are absent. The same approach was adopted in this work to study

the structural, electronic, optical and thermoelectric properties of materials based

on sulfur (S), selenium (Se), and tellurium (Te), i.e., the quaternary chalcogenide

compounds. Theoretical calculations allow gaining better insight into molecular

properties of these materials. The main aim of the present work is better under-

standing of the electronic structure, as well as optical and thermoelectric properties,

of the aforementioned class of quaternary chalcogenide compounds.

In this thesis, the electronic structure and optical properties calculations are

extensively studied by applying Density functional theory (DFT), which can suc-

cessfully reveal different properties of many condensed matter systems. In addition,

the full potential linear augmented plane wave (FP-LAPW) method, as incorpo-

rated in the WIEN2K code, is applied, to study the electronic structure, thermal

properties and linear optical properties of some quaternary chalcogenide compounds.

Using the investigated structure, the thermoelectric properties (electrical and

thermal conductivity, Seebeck coefficient, Figure of merit and power factor) are de-

scribed, along with the development of Boltzmann transport equation with constant

relaxation time approximation.



Abstract

Pokrok v optické telekomunikaci a v optických výpočetnch zař́ızench zvýšil poptávku

po materiálech s vyšš́ımi optickými koeficienty. Za t́ımto účelem bylo navrženo

několik materiál̊u s vhodnými optickými vlastnostmi. Na základě nedávných studíı

byla pro vývoj těchto materiál̊u navržena skupina kvaternárńıch chalkogenid̊u. Široká

variabilita ve složeńı i ve struktuře umožňuje ladit optické vlastnosti těchto chalko-

genńıch sloučenin.

Skupina kvaternárńıch chalkogenid̊u byla sledována pro jejich rozsáhlé možnosti

v technologických aplikaćıch, jako např́ıklad ve fotovoltaice, optoelektronických ap-

likaćıch, termoelektrických aplikaćıch, v lékařstv́ı atd. Velké pozornosti se těmto

materiál̊um dostalo během několika posledńıch let, zejména kv̊uli jejich vylepšeným

termoelektrickým a optoelektronickým vlastnostem. Většina výzkumu se týkala

syntetizováńı sloučenin a studia jejich termoelektrických vlastnost́ı.

Teoretické studie jsou pro vývoj nových materiál̊u a zař́ızeńı pro r̊uzné pr̊umyslové

aplikace považovány za zásadńı. Metody vycházej́ıćı z prvńıch princip̊u umožňuj́ı

vyj́ıt z databáze krystalových struktur a pomoćı poč́ıtačových programů předpovědět

vlastnosti a porozumět jim i v přpadě, že experimentálńı data nejsou k dispozici. Z

toho d̊uvodu jsme se zaměřili na studium kvaternárńıch chalkogenid̊u obsahuj́ıćıch

śıru (S), selen (Se), telur (Te) pomoćı metod vycházej́ıćıch z prvńıch princip̊u. Teo-

retické výpočty mohou být nejlepšm zp̊usobem jak źıskat vhled do molekulárńıch

vlastnost́ı. Hlavńım ćılem předkládané práce je studium elektronové struktury a

optických a termoelektrických vlastnost́ı tř́ıdy kvaternárńıch chalkogenńıch sloučenin.

V této práci jsou prezentovány rozsáhlé výpočty elektronové struktury a optických

vlastnost́ı uskutečněné v rámci teorie funkcionálu hustoty (DFT), která byla již

mnohokrát úspěšně použita pro pevné látky. Pro výpočty elektronových struktur,

teplotńıch vlastnost́ı a lineárńıch optických vlastnost́ı r̊uzných kvaternárńıch chalko-

genńıch sloučenin jsme využili linearizovanou metodu přidružených vln pro úplný

potenciál (full-potential linear augmented plane wave, FP-LAPW) implementovanou

programem WIEN2k.

Źıskané výsledky ohledně struktury a elektronové struktury pak byly použity

pro studium termoelektrických vlastnost́ı (elektrické a teplotńı vodivosti, Seebeck-

ova koeficientu, koecifientu termoelektrické činnosti, výkonnostńıho faktoru) pomoćı

Boltzmanovy transportńı rovnice v aproximaci konstantńı relaxačńı doby.
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Chapter 1

Introduction

1.1 The Chalcogenides

From the very beginning of evolution, humans worked on the physical properties

of materials in order to ensure that they meet their needs and this remains a key

field of interest for scientists today. Thus far, scientists have succeeded in obtaining

efficient materials for different technological applications and are still working on

further improvement in this field.

Pn-junction and transistor brought a revolution in the field of condensed matter

physics. The most valuable work in science, especially in the field of condensed

matter, pertains to the semiconductor chips (integrated circuits). Today, many

electronic devices are of very small size, due to the use of semiconductors in the

electronic circuits, which also make these devices more efficient and reliable.

Technological and industrial development relies on the advances made in the

field of semiconductors, magnetic and metallic materials, which are the basic build-

ing blocks of electronic devices. Promising devices are based on the chalcogenide

compounds, owing to their advantageous properties.

Chalcogenide materials, i.e., those containing the chalcogen elements (S, Se,

or Te), are widely investigated for their applications in technological uses, for in-

stance, thermoelectric, non-linear optical materials, photoelectric, phosphors, and

solid-state electrolytes for lithium secondary batteries, among others. Chalcogenide

compounds have a very diverse and interesting structural chemistry and possess use-

ful physical and chemical properties that may be applicable to modern technologies

[1]. They have received much attention during the past decade, largely because of

their optoelectronic and thermoelectric properties.

These materials have wide variations in their energy gaps (Eg), ranging from ul-

traviolet (UV) to infrared (IR). Such properties are useful in the development of light

emitting diodes (LED), laser diodes, optoelectronic devices and optical detectors.

1



2 CHAPTER 1. INTRODUCTION

Most such compounds, especially metal sulfides, selenides and tellurides, belong

to a large class of compounds known as metal chalcogenides. Sulfur, being able to

catenate and bind to several metal centers, has great importance in chemistry of

metal chalcogenides, and similar nature has been determined for Se and Te [1, 2].

Metalsulfur compounds have been widely studied in chemistry due to their important

properties.

Significance of these compounds has been enhanced owing to their unique and

diverse properties and their vital role in hydro-desulfurization, bioinorganic chem-

istry and other catalytic methods. Complexes of molecular transition metal with

terminal/bridging sulfide ligands have been extensively studied for their catalytic

activities [3, 4]. Using the solid-state approach or in solution, soluble metal fluo-

rides and sulfides have been synthesized and their properties demonstrated [5, 6].

Some compounds, including selenium and tellurium, have structure types that are

presently unknown in sulfur chemistry. Tellurium, due to its large size, diffused

orbitals and greater metallic nature relative to other chalcogen elements, is charac-

terized by very different non-classical chemistry.

Most of low-dimensional materials have been greatly modified by covalent bond

nature of metal chalcogenides. The valence electrons of 4d- and 5d-elements make

them highly suitable for forming M-M (metal-metal) bonds, which are restricted to

directly coupled atoms, and clusters in particular. Such types of clusters are found

in discrete molecular units joined by bridging ligands [7]. Chalcogenide clusters are

presently the best known inorganic or high valence clusters and are typical for 4d-

and 5d-metals of groups V-VII [8].

1.2 Materials Selected for the Current Study

Modification of binary chalcogenides results in more complex ternary and quater-

nary chalcogenides and leads to an increase in diversity of function and structure.

Research on binary and ternary chalcogenides in the field of physics and chemistry

has gained momentum during the past decade, and these studies have paved the

way for a more comprehensive understanding of these compounds, causing signif-

icant advances in quaternary material preparation techniques. Chalcogenides are

particularly interesting due to their rich structural chemistry [9].

More recently, experimental and technological research of quaternary metal chalco-

genides has been particularly intensive [10, 11], resulting in a much greater structural

diversity and wide functionality of these materials.

Yet, despite extensive body of research in this field, there is evident paucity of

theoretical work related to the electronic structure, optical and thermal properties

of quaternary chalcogenides. This thesis aims to address this gap in the literature.
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Indeed, physics of these systems doped with different types of impurities requires

further investigation.

The present study focuses on five different quaternary chalcogenide materials. In

particular, the possibility of band-gap engineering is explored, as it can lead to re-

markable thermoelectric and optical properties that are important for thermoelectric

and optoelectronic device applications. The design of novel functional semiconduc-

tors with various values of the energy band gap is an area of intense research also

explored in this work.

1.2.1 Layered-Pb based Quaternary Chalcogenides (Tl2PbXY4

(X=Zr, Hf and Y=S, Se))

Transition metal chalcogenides are considered interesting candidates for thermoelec-

tric materials because of low thermal conductivity. Examples of recently developed

thermoelectric materials based on selenides include Bi2Se3 [6], doped PbSe [12],

quaternary tin selenide K1xSn5xBi11+xSe22 [13] and CsCdInQ3 (Q= Se, Te) [14].

The Tl-based quaternary chalcogenides incorporating a group IV-B metal (X

= Zr, Hf) are particularly attractive for use in thermoelectric devices. Thallium

(Tl), being a heavy metal, reduces the thermal conductivity and creates complex

coordination due to the presence of a lone pair electron and is very useful in thermo-

electrics. This lone pair of electrons has a significant effect on thermal conductivity

and creates the anharmonicity in the lattice.

Among complex inorganic compounds, a new class of quaternary compounds

with the general formula Tl2PbXY4 (X=Zr, Hf and Y=S, Se) has been investigated.

These compounds crystallize in the monoclinic crystal system with space group C2/c

and have indirect band gaps below 1 eV, while their optical gaps range from 1.2 to

1.6 eV. The electrical transport properties of Tl2PbXY4 indicate that this material is

of a semiconducting nature [15]. A large positive Seebeck coefficient ranging from S

= +190∼V/K at room temperature to S = +420 ∼V/K at 520 K has been observed

for Tl2PbHfSe4 [15].

Extensive literature review conducted as a part of this study, however, failed to

identify any studies related to the electronic, optical and thermoelectric properties of

the Tl-based quaternary chalcogenides Tl2PbXY4 (X=Zr, Hf and Y=S, Se). Thus,

this is the focus of the present study.
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1.2.2 Quaternary Copper Palladium Polyselenides (Rb2Pd3UM6

(M=S, Se))

Synthesis of novel quaternary chalcogenides has recently become an active area of

research in solid state chemistry [16, 17, 18]. Most known quaternary chalcogenides

are obtained using the molten alkali metal polychalcogenide flux technique, although

low temperature solvo (hydro) thermal reactions have produced a limited number

of quaternary chalcogenides [19]. Pd-obtaining compounds have received much con-

sideration in extant studies because of the catalytic functions of the metal and its

capacity to form polychalcogenide complexes in solution.

Several ternary Pd polychalcogenides have now been isolated and structurally

characterized. These include (Ph4P)2[Pd(Se4)2] with distinct [Pd(Se4)2]2− anions in

which each Pd2+ is coordinated by two chelating (Se4)2− ligands [20] (CH3)N(CH2CH2)3

N2[Pd(Se6)2] and (enH)2[Pd(Se5)2], featuring sheet-like, two-dimensional (2D) Pd

polyselenide anionic frameworks [21] Rb2[Pd(Se4)2]Se8 encompassing sheet-like polyan-

ion [Pd(Se4)2]2− with intercalated crown-like Se8 eight-membered rings [22] and

K4[Pd(Se4)2][Pd(Se6)2] (=K2PdSe10) and Cs2[Pd(Se4)2] (=Cs2PdSe8) having three

dimensional (3D) structures assembled from two interpenetrating [Pd(Sex)2]2− struc-

tures (x= 4 and 6 for the K+ saline, x= 4 and 4 for the Cs+ salt) [23, 24].

In 2003, Chen et al. [25] reported the crystal structures, optical and thermal

properties of two innovative mixtures, APdCu(Se2)(Se3 (A=K or Rb), which are

the first quaternary copper palladium polychalcogenides obtained by solvothermal

procedures utilizing ethylenediamine (en) as a reaction medium.

Still, to date, no theoretical studies relating to thermoelectric properties have

been conducted. For this reason, the electrical transport parameters (conductivity,

Seebeck coefficient, and power factor) for the compound system are the subject of

this research.

1.2.3 Quaternary Uranium Chalcogenides (Rb2Pd3UM6 (M=S,

Se))

Recently, quaternary uranium chalcogenide compounds, such as Rb2Pd3UM6 (M=S,

Se), containing both a transition and an actinide metal, have been studied due to

their important magnetic properties. Extant research in this field has, however, pre-

dominantly focused on the dependence of physical properties on U-U interatomic

distances and uranium coordination environment [26]. The U-U interatomic dis-

tances determine whether long-range magnetic ordering occurs, whereas the crys-

talline electric field effect is produced by the coordination number [27].

Moreover, the interaction between f-orbital electrons of uranium (U) and the
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valence orbitals of the palladium (Pd) complicates the magnetic behavior and results

in orbital overlapping in close proximity of intermetallic compounds. An anion, such

as sulfur (S) or selenium (Se), can be incorporated to position these magnetic atoms

far apart and reduce the orbital overlaps. Additionally, the oxidation states are

assigned to the atoms, which adopt characteristic coordination environments that

are not present in intermetallic compounds. Rb2Pd3US6possesses unusually low

magnetic moment to crystalline electric field effect as well as noticeable magnetic

anisotropy. These quaternary compounds crystallize in orthorhombic structure with

space group of Fmmm.

Literature review has revealed very few works relating the electronic structure

of Rb2Pd3UM6 (M = S, Se) compounds. Thus, the aim of this thesis is to perform

some theoretical studies of the two crystals, including the band structure, density

of states (total and partial), Fermi surface and optical properties.

1.2.4 Quaternary Selenides (KBaMSe3 (M =As, Sb))

During the last few decades, the newly investigated multinary chalcogenides com-

prising of two or more metal cations have gained immense importance, as their

structural and compositional complexity is suitable for applications based on vari-

ous physical properties (e.g., thermoelectric, superconducting, magnetic, nonlinear

optical properties), such as battery electrodes and photo-voltaic applications [28].

The sterochemical activity of ns2 lone pair of electrons of M (M = As, Sb) strongly

affects the structure, electronic nature and the properties of the resultant compound.

Over the past few years, the synthesis of new multinary chalcogenides contain-

ing elements of the 15th group has been performed and many chalcogenides with

fascinating physical properties have been discovered [28, 29]. The isostructural qua-

ternary KBaMSe3 (M = As, Sb) selenides crystallize in the centrosymmetric space

group P21/c of the monoclinic crystal system. The trivalent M atom coordinated to

three Se atoms forms a trigonal pyramid with the Se atoms serving as the triangle

base, which indicates the stereochemical activity of the ns2 lone pair electron [30].

Microscopic packing of anions is greatly influenced by the size and charge of

cations and generally determines various crystal properties [30, 28]. Therefore, the

combination of different size and charge of the alkali and the alkaline-earth cations

influences the packing of anions in various ways and exhibits a considerable effect

on the stoichiometries, structures, and properties of KBaMSe3 (M = As, Sb). An

indirect band gap semiconductor nature with band gap values of 2.26 and 2.04 eV

for KBaAsSe3 and KBaSbSe3, respectively, has been investigated using the diffuse

reflectance spectra [30].

The interesting properties discussed above make the electronic structure and



6 CHAPTER 1. INTRODUCTION

optical properties of KBaMSe3 (M = As, Sb) an important study topic.

1.2.5 New Quaternary Chalcogenide Selenides (Ba4Ga4SnSe12)

The noncentrosymmetric polar characteristics and simultaneous transmission of long

wavelength radiation required of such crystals point to complex chalcogenides as a

potential source of nonlinear optical (NLO) materials. As a source of new NLO ma-

terials, quaternary chalcogenides are attractive due to a variety of acentric arrange-

ments resulting from the combination of two types of metal centers with different

size, coordination preference, and packing characteristics [32].

Rare-earth chalcogenides exhibit not only rich structures resulting from the di-

verse geometry of the Ln-centered coordination polyhedra and the flexible connec-

tivity among them, but also attractive magnetic, transport, and optical properties

related to the 4f electrons [33]. Wenlong Yin et al. [34]. In their early studies, Wen-

long Yin et al. developed the quaternary A/M/Ḿ/Q (A = alkaline-earth metal; M =

Al, Ga, In; Ḿ = Si, Ge; Q = S, Se, Te) system and originated four iso-structural com-

pounds, BaGa2MQ6 (M = Si, Ge; Q = S, Se), which were described as a new-fangled

series of IR nonlinear optical materials showing promise for practical applications.

Recently, W. Yin et al. [34] have presented the syntheses, structural charac-

terization, and band gaps measurement of new quaternary selenides. The authors

also reported the electronic band structure calculated using the plane-wave pseudo-

potential method. The latter employed a method based on a pseudopotential that is

not all-electron and thus might suffer from some shortcomings. In the present study,

calculations are performed by considering all-electron potential approach, applying

all full potential linear augmented plane wave method.
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1.2.6 The Present Study

In this thesis, density functional calculation is used to study the electronic struc-

ture, bonding, optical and thermoelectric properties of quaternary chalcogenide com-

pounds. Density Functional Theory (DFT) is widely used in computational solid

state physics to calculate structural, magnetic, hyperfine and ground state properties

of real materials from first principle.

The aim of this thesis is to bridge the gap between theoretical considerations

and experimental investigations of the bonding. All material properties were calcu-

lated using the full potential linearized augmented plane wave (FP-LAPW) method

within DFT. In the FP-LAPW scheme, the valence electrons are treated semi-

relativistically, while the core electrons are treated fully relativistically. Most of

the studies relating to these (optical and thermal) properties have been performed

in the past few decades because these materials have numerous potential technolog-

ical applications, such as photovoltaic, optoelectronic and electrochemical devices.

In this study, the focus is on quaternary chalcogenide semiconducting/metallic

compounds. The electronic properties studied in this thesis are band structure (BS),

density of states (DOS), Fermi surface, electronic charge density (ECD), effective

mass, frequency dependent anisotropic complex dielectric function ε(ω) = ε1(ω) +

iε12(ω) and thermal properties.

The goal of this thesis is gaining further insights into materials based on chalco-

genides by means of computational methods. In Chapter 2, the theoretical method-

ology is briefly discussed, while the band structure methods are presented in Chapter

3. Chapter 4 provides conclusion to the study, and is followed by the results and

discussions of different projects, which are the topic of Chapter 5. The discussions

on these materials are already published in different journals. As the first author,

the researcher was responsible for carrying out all the computations described in the

papers and writing the manuscripts.

1.3 Applications

Rapid technological advancement we are presently witnessing would not be possible

without materials that have the optimal combination of properties for the desired

application. For example, without heat-resistant ceramics, space shuttles would

burn up during atmospheric reentry, and without the unique properties of semicon-

ductors, today’s electronics would not exist. In other words, materials can become

either enablers or obstacles for scientific and technological advancement. Thus, the

primary aim of materials science and engineering is gaining a better understanding

of the properties of matter and the processes that will combine those properties into
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synergistic materials with the characteristics required for a given application.

In order to understand the phenomena that govern material behavior, scientists

typically develop and perform countless experiments to determine the properties

of interest, such as mechanical strength, stiffness, resistance to heat, conductiv-

ity of electricity and many others. With recent advances in computer hardware

and software, the role of computer simulations in materials science is expanding

and is yielding many useful insights. In particular, these virtual experiments with

advanced ab initio method, within Khon-Sham density functional theorywhich is

now the most widely used method for electronic structure calculation in condensed

matter physics and quantum chemistrycan provide understanding of relative stabil-

ity, chemical bonding, relaxation of atoms, phase transition, electronic, mechanical,

optical or magnetic behavior, etc., of new materials.

In line with this approach, in this study, the properties of new materials based

on sulfur (S), selenium (Se), tellurium (Te) are studied.

Chalcogenide materials greatly contributed to the development of various appli-

cations and have remained a topic of interest of solid state chemists/physicists for

many decades. Synthesis processes of metal chalcogenides have greatly improved

solid state chemistry methodologies. Gas separation, ion exchange, environmental

remediation and energy storage are some of the applications of metal chalcogenides

that have been examined so far [37].

Wide band gap makes chalcogenides promising candidates for nonlinear optics

applications, particularly in the IR region. Search for new materials that can pro-

vide coherent light with tunable frequencies is very important task. Ternary and

quaternary metal chalcophosphates are the few classes of materials that are in the

main focus of initiatives aimed at developing nonlinear optical crystals as coherent

mid-IR sources. The connection of tetrahedral building blocks to metals, in case of

thiophosphate, gives rise to a broad structural variety. According to Azam et. al,

[38], approximately one third of all known ternary and quaternary structures are

acentric and are thus potential nonlinear optical materials [39].

1.4 Objective

The ultimate aim of the current research is to understand the electronic structure

of quaternary chalcogenides, as this can contribute to the advancement in optical

telecommunications and optical computing devices.

The primary objective of this study is to determine the ground state properties

of quaternary chalcogenide materials that have different crystal structures. The

main goal is to understand the electronic, optical and thermoelectric properties

of quaternary chalcogenide compounds. The initial objective is to determine the
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electronic structure of the quaternary chalcogenide materials that have different

crystal structures. Once their electronic structure is obtained, the optical properties

will be studied in greater detail.

To accurately predict the electronic structure and optical properties of qua-

ternary chalcogenides, the Engel-Vosko GGA (EV-GGA), modified Becke John-

son (mBJ) and GGA+U were applied. The final objective is to obtain the elec-

tronic structure, optical and thermoelectric properties of the selected quaternary

chalcogenides. The electronic structures (density of states) are evaluated using the

FPLAPW full potential linear augmented plane wave method, as employed in

WIEN2k. In addition, the TE (thermoelectric) properties are evaluated using the

BoltzTraP code. The objective of the current work is thus:

• To study the electronic properties, such as BS (band structure), TDOS (total

density of states) and PDOS (partial density of states), ECD (electronic charge

density), and Fermi surface of the aforementioned systems.

• To study the detailed optical response functions, such as imaginary and real

part of dielectric functions, refractive index and absorption coefficient.

• To show the thermoelectric properties of quaternary chalcogenide compounds.



Chapter 2

Theoretical Background

2.1 Background

Numerical computational is becoming an essential tools in condensed matter physics

and material science due to their ability to describe the material properties. Proper-

ties of materials are often not directly accessible from experiments for many reasons.

For example, the sample size of certain materials may not sufficiently large enough

for certain experiments. One big advantage of computational methods work is to

study hypothetical systems that have never been produced. However, as the re-

liability of computational results is always verified the experimental results, both

the computational methods and the experimental methods should considered to be

complement to each other.

Computational modeling approach is frequently used to predict complicated

physiochemical phenomena to decrease the expense of experimental measurements

and to save the labors.

In the last few decades, ability of computer to perform large scale calculations

has been significantly increased. Understanding the behavior of interacting electrons

in a solid possess a substantial importance in scientific as well as in technological

applications. However, to treat the interacting electronic problem by means of many-

body wave functions is very complicated task due to the large number of degrees of

freedom. Therefore we need an approximation to solve this problem. This fact leads

to two types of approaches; the first one is based on the wave function description.

The second approach is the DFT developed by Hohenberg and Khon (H-K), which

is based on the electron density. The following chapter is a brief overview of Density

Functional Theory, and its role in solving the quantum mechanical problems.

10
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2.2 The Many-Body Problem

The main aim of this work is to understand and investigate the properties of real ma-

terials, which necessitates an appropriate quantum-mechanical description of these

systems. However, a quantum mechanical understanding of a given material system

begins with a many-electron Schrödinger equation and its corresponding Hamilto-

nian:

Ĥψ = Eψ. (2.2.1)

Solids consist of heavy positively charged nuclei (n) and light negatively charged

electrons (e). The many-body Hamiltonian can be written as :

Ĥ = −~2

2

∑
i

∇2
~Ri

Mi

−~2

2

∑
i

∇2
~ri

me

− 1

4πε0

∑
i,j

e2Zi

| ~Ri − ~rj|
+

1

8πε0

∑
i 6=j

e2

|~ri − ~rj|
+

1

8πε0

∑
i 6=j

e2ZiZj

| ~Ri − ~Rj|
.

(2.2.2)

In the above Eq. (2.2.2), Mi is mass of nucleus at ~Ri while me is the mass of the

electron positioned at ~ri. The first and second term correspond to the kinetic energy

operator of the nuclei and of the electrons, respectively, while the remaining terms

describe the Coulomb interaction between electrons and nuclei, among electrons and

among nuclei, respectively.

Given the wave functions ψ(~R,~r) with ~R = [ ~Ri|i = 1..........., Nn] and ~r = [~ri|i = 1..........., Ne],

the Schrödinger equation may be written as:

Ĥψ(~R,~r) = Eψ(~R,~r). (2.2.3)

However, due to the high degree of complexity, solving this equation and requires

some approximations.

2.3 Level 1: The Born-Oppenheimer Approxima-

tion

Electrons have much smaller mass than a nucleus but have comparable electromag-

netic forces acting on them. The nuclei, having large mass, move more slowly than

do electrons. More specifically, given the electronic motion the nuclear motion

of the nuclei (≈ 103m/s) and the electronic motion of electron (≈ 106m/s)) it

is assumed that, at any moment, the electrons will be in their ground state with

respect to the instantaneous nuclear configuration.

Under this assumption, the electron wave function is a solution of the Schrödinger

equation for electrons with the external potential produced by the nuclei in fixed

nuclear positions:
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Ĥ = −~2

2

∑
i

∇2
~ri

me

− 1

4πε0

∑
i,j

e2Zi

| ~Ri − ~rj|
+

1

8πε0

∑
i 6=j

e2

|~ri − ~rj|
+

1

8πε0

∑
i 6=j

e2ZiZj

| ~Ri − ~Rj|
.

(2.3.1)

This Hamiltonian (H) relates to the electronic motion in the external potential (Vext)

that is produced by the nuclei and can be expressed as:

Ĥ = −~2

2

∑
i

∇2
~ri

me

− 1

4πε0

∑
i,j

e2Zi

| ~Ri − ~rj|
+

1

8πε0

∑
i 6=j

e2

|~ri − ~rj|
. (2.3.2)

Ĥ = Ĥe + V̂NN (2.3.3)

Eq. (2.3.2) represents electron Hamiltonian, whereby the nuclear repulsion (V̂NN)

contributes to the total energy by a constant amount. Hence, removing this term

from the Hamiltonian would not affect the corresponding wave function. The sepa-

rate treatment of electronic and nuclear motion is known as the Born-Oppenheimer

approach.

It can be seed from the Hamiltonian that the solution of the electronic SE is

highly complex. Therefore, the quantum mechanical calculations must be simplified,

which can be achieved by reducing the many-electron Hamiltonian to a physically

equivalent/similar system that can be solved analytically. In this work, Density

Functional Theory (DFT) is used to solve the Schrödinger equation.
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2.3.1 Level 2: Density Functional Theory

Since the development of its theoretical foundations in the mid-1960s, DFT has been

used in computational solid state physics to calculate ground state properties of real

materials.

In 1964, Hohenburg and Khon [40] proved that, if the charge density of a system

is known, all its properties can be determined.

2.3.2 Hohenberg-Kohn (H-K) Theorem

The first theorem developed by Hohenburg and Khon demonstrates one-to-one cor-

respondence between external potential vext(r) and electron density n(r).

Thus, with the exception of the constant energy shift, the ground state particle

density determines the full Hamiltonian. In principle, all the states including

ground and excited states of the many-body wave-functions can be calculated.

This assertion implies that the ground state particle density determines all properties

of the system uniquely and completely.

The second theorem posits that the variational principle allows calculating the

n0(r) (ground state electron density).

The proof of the first theorem is based on the minimum energy principle, which

can be proved by taking n(r) as a functional to obtain vext(r) and the total electronic

Hamiltonian. This approach makes the DFT more systematic and thus superior to

the Thomas-Fermi model. Using the principle of reductio ad absurdum, one can

more easily and simply derive its proof for a non-degenerate system. Consider a box

containing a collection of electrons, influenced by vext(r). Suppose that vext(r) and

all properties are determined by a known electron density n(r). In addition, consider

another external potential v′(r) that differs from v(r) by more than a constant and

is calculated from the same n(r) for the ground state. This allows two different

Hamiltonians Ĥ and Ĥ ′ having same ground state electron density (n0(r)) and

different normalized wave functions to be obtained. This may be expressed as:

E ′0 < (ψ′|Ĥ|ψ′) < (ψ′|Ĥ ′|ψ′) + (ψ′|Ĥ − Ĥ ′|ψ′) < E
′

0 +

∫
n0(r)[vext(r)− v′ext(r)]dr,

(2.3.4)

where E0 and E
′
0 represent the n0(r) for Ĥ and Ĥ ′, respectively. In addition, we

can write:

E
′

0 < (ψ|Ĥ ′|ψ) < (ψ|Ĥ ′|ψ) + (ψ|Ĥ ′ − Ĥ|ψ) < E0 −
∫
n0(r)[vext(r)− v′ext(r)]dr.

(2.3.5)

By adding Eq. (2.3.4) and Eq. (2.3.5), a contradiction is revealed, as E0 + E
′
0 <

E
′
0 +E0. As a result, it is possible that no two different v(r) can give the same n0(r).
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Now, if v(r) is known, the energy Ev as a function of the n0(r) (electron density)

may be given as:

Ev[n] = T [n] + Vne[n] + Vee =

∫
n(r)vext(r)dr + FHK[n]. (2.3.6)

Whereas

FHK[n] = T [n] + Vee[n], (2.3.7)

here, FHK [n(r)] is a universal functional and FHK [n(r)] is a known three-dimensional

functional n(r). Thus, it is possible to obtain both n0(r) and density in a given

vext(r). However, in a many-body system, the problem becomes more complex, as

there is a need to determine the FHK [n(r)] exactly. In the second H-K theorem, it

is stated that n0(r) is achievable by variational principle and can be written as:

E0[n0] ≤ Ev[n] (2.3.8)

Let ψ be the ground state wave function related to electron density. This allows

the external potential v(r) to be evaluated uniquely. If we consider another wave-

function ψ′ related to electron density n′(r), it follows:

(ψ′|Ĥ ′|ψ′) =

∫
n′(r)v(r)dr + FHK [n′] = E[n′] ≥ E[n]. (2.3.9)

This shows that, by minimizing the total energy functional of the system with respect

to variations in the density n(r), the exact ground state density and energy can be

obtained.

2.3.3 The Kohn-Sham (K-S) Equations

Kohn and Sham presented a transformation of DFT to practical electronic structure

theory [41]. The functional FHK [n(r)] can be written as:

FHK [n(r)] = Ts[n(r)] + EH [n(r)] + EXC [n(r)]. (2.3.10)

Which (Eq. (2.3.6))becomes:

E[n(r)] = FHK [n(r)]+

∫
n(r)vext(r)dr = Ts[n(r)]+EH [n(r)]+EXC [n(r)]+

∫
n(r)vext(r)dr.

(2.3.11)

The exchange and correlation energy EXC accounts for all the many-body effects.

Thus, subject to the constraint that the number of electrons N is conserved, the

following holds:

δFHK [n(r)] +

∫
n(r)Vext(r)dr − µ(

∫
n(r)dr −N) = 0. (2.3.12)
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And the resulting equation is:

µ =
FHK [n(r)]

δ(n(r))
+ Vext(r) =

δTS[n(r)]

δ(n(r))
+ VKS(r), (2.3.13)

where µ is the chemical potential. Moreover,

VKS = Vext(r) + VH(r) + VXC(r). (2.3.14)

Is the KS one-particle potential with the Hartree potential VH(r) given by:

VH =
δEH(n(r))

δ(n(r))
, (2.3.15)

where VXC(r) is the exchange-correlation potential and is given as:

VXC(r) =
δEXC [n(r)]

δn(r)
. (2.3.16)

This leads to one-electron Schrödinger-like equation:

[−1

2
∇2 + V eff ]|ψi|2 = εiψi, (2.3.17)

where ψi represents the K-S one-electron orbitals, and the n(r) can be presented as:

n(r) =
N∑
i=1

|ψi|2. (2.3.18)

The Kohn-Sham one-electron orbital energies are represented by ε′is. Its format

resembles that of the Hartree-Fock-like single particle equation. Additionally, the

total energy can be found from the density, using the expression below:

E =
N∑
i=1

εi −
1

2

∫ ∫
n(r)n(r′)

r − r′ + EXC [n]−
∫
vXC(r)n(r)dr. (2.3.19)

Equations Eq. (2.3.13), Eq. (2.3.17) and Eq. (2.3.18) are the K-S equations and

have to be solved self-consistently. For example, suppose the electron density has

a known value, determine the µ using Eq. (2.3.19), allowing the K-S orbitals to be

obtained. Based on these orbitals, a new density is obtained from Eq. (2.3.18). and

the process has to be repeated until convergence is achieved. Subsequently, the total

energy may be calculated from Eq. (2.3.19). using the final electron density.

The exact ground state density and total energy could potentially be obtained

if all terms in the K-S energy functional were known. However, the exchange-

correlation (XC) functional EXC is unknown. More specifically, it contains the non-

classical part of the electron-electron interaction, along with the part of the system

kinetic energy, which differs from that of the auxiliary non-interacting system.

An approximation to the Exc is given in the next section.
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2.3.4 Exchange Correlation Functional EXC [n]

Density functional theory with K-S equation provides a scheme that can be applied

in order to reduce the many-body problem to a Schrödinger-like effective single-

particle equation. However, this approach is also hindered by several problems, one

of which pertains to the exchange-correlation energy EXC the exact form of which

is not known and requires approximation. The simplest and historically the first

approximation of EXC is the Local Density Approximation (LDA).

2.3.5 The Local Density Approximation (LDA)

The oldest approximation is the LDA which defines the exchange-correlation func-

tional as:

V LDA
XC [n(r)] =

∫
n(~r)εXC(n(~r))d~r, (2.3.20)

here εXC stands for the exchange-correlation function (not functional) for the ho-

mogeneous electron gas with interacting electrons and is numerically known from

Monte Carlo calculations. The underlying idea is very simple. At each point in space

the exchange-correlation energy is approximated locally by the exchange-correlation

energy of a homogeneous electron gas with the same electron density as present

at that point. LDA is based on the local nature of exchange-correlation and the

assumption that the density distribution does not vary too rapidly. In spite of its

simplicity, LDA performs quite well even for more realistic systems.

2.3.6 The gradient Generalized Approximation

As mentioned above, the LDA neglects the inhomogeneity of the charge density.

To overcome this deficiency, generalized-gradient approximations (GGA) was de-

veloped. It includes density gradient corrections of the electron density and gives

better results than LDA in many cases.

This resulting XC functional can be written as

EGGA
XC =

∫
fXC(n(r), |∇n(r)|n(r)d(r), (2.3.21)

where fXC can be split into exchange contribution (fX) and correlation contribution

(fC) as fXC = fX + fC .

2.3.7 modified Becke-Johnson potential (mBJ)

Both the LDA and GGA can reproduce the band structure even in cases of complex

metallic systems. However, neither is successful in reproducing the exact band gap

for semiconductor materials.
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As LDA and GGA cannot produce a band gap of comparable value to that

obtained experimentally, Becke and Johnson (BJ) developed a BJ potential [44],

that improves the band gap in comparison with LDA and GGA functionals. It can

be formulated as:

V BJ
x,σ (r) = V BR

x,σ (r) +
1

π

√
5

6

√
tσ(r)

ρσ(r)
, (2.3.22)

where ρσ denotes electron density and can be defined as: ρσ =
Nσ∑
i=1

|ψi,σ|2 and tσ

represents kinetic energy density and can be defined as: tσ =
Nσ∑
i=1

∇ψ∗i,σ∇ψi,σ

V BR
x,σ (r) = − 1

bσ
(1− e−xσ(r) − 1

2
xσ(r)e−xσ(r)). (2.3.23)

Blaha et al. [43] modified the exchange and correlation potential of the BJ

[44] approach, and developed the mBJ potential, capable of better reproducing the

experimental gap of semiconductors relative to the LDA or the GGA. The mBJ

potential is given by:

V mBJ
x,σ (r) = cV BR

x,σ (r) + (3c− 2)
1

π

√
5

12

√
2tσ(r)

ρσ(r)
, (2.3.24)

where ρσ(r), tσ(r) and V BR
x,σ (r) are the spin-dependent density of states, kinetic

energy density and the Becke-Roussel potential (BR), respectively.

In the TB-mBJ, the value of c is calculated by:

C = α + β

(
1

Vcell

∫
cell

|∇ρ(r′)|
ρ(r′)

) 1
2

, (2.3.25)

where Vcell is the unit cell volume, an α and β are the free parameters with the

value of -0.012 and 1.023 Bohr, respectively. The only disadvantage of the TB-mBJ

potential is that the derivative of a XC functional cannot be obtained. Consequently,

this potential cannot be used for the calculation of forces that act on the nuclei,

which is required for the optimization of the geometry.

2.3.8 Self-Consistent Khon-Sham (K-S Scheme)

Iterative procedure has to be adopted to obtain the solution to the K-S equation, as

the effective potential is density dependent. According to this procedure, an initial

guess for density is obtained using Hartree potential in XC, whereby applying the

density functional method, its potential can be derived from the relationship between

the total energy E and the density. New density, K-S potential and total energy

are obtained on the basis of newly generated set of K-S orbitals that resulted from
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Figure 2.1: Self-consistent K-S scheme.[42]

the solution of equations using the currently developed information. These steps

are repeated until no change is observed between the output and input densities. A

typical K-S self-consistent scheme is defined in Fig. (2.1).



Chapter 3

Band structure method

In the previous chapter, we have shown that from Khon-Sham equation one can

determine both energy and density of ground state of a many-body system. However

the problem is how to get the ψ which determines the n(r) and kinetic energy?

One of the most efficient solutions is to expand the single-particle wave-function

in the form of basis function and Bloch theorem. Set of plane waves is a best choice

for a set of this function. For calculating Hartree-potential it has been proven that

the plane wave is diagonally behave to the Laplace-operator (∆), which consist of

the operator of kinetic energy and Poisson relation (see Fig 3.2). Though, it has been

found that oscillations of the charge density and wave-function around electrons are

very fast and to get the precise results enough number of plane-waves are required.

One way to cope with this problem is to use modified potential around the atoms

so as to avoid rapid oscillations of charge-density, which recalls a group of pseudo

potential methods. Another way is rest on the space separation and the use of

suitably modified basis-functions for different regions of space, is the FP-LAPW,

which is a method used in the calculations of our present work.

In this section we are going to present a small introduction into a newly devel-

oped scheme for solving the K-S equation with the FP-(L)APW+lo formalism. We

introduce a brief description of Bloch theorem, the original method of LAPW, APW

and the concept of FP-(L)APW+lo method.

To go in a detail, in Fig. (3.1), we presented a schematic overview of the electronic

structure methods that shows a spectrum of methods. These methods each of them

requires for many purposes, geometries, applications and symmetries requiring dif-

ferent approximations.

19
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Figure 3.1: Schematic overview of the electronic structure methods that shows a

spectrum of methods. Which are developed for many purposes, geometries, appli-

cations and symmetries requiring different approximations. [45]
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3.1 Blochs Theorem

Blochs theorem [46] proves that if the potential V has translation symmetry, we can

write any eigenfunction ψ(r) as a product of a function µ(r), having periodicity for

plane wave eik.r may be written as:

ψj,k = µj(r)e
ik.r. (3.1.1)

The function µj, possesses the periodicity of the potential. In Eq. (3.1.1) j and

µj are the band index and wave vector confined to the first Brillouin Zone (BZ).

Moreover the µj can expand it in terms of a Fourier series as:

µj(r) =
∑
G

Cj,Ge
iG.r, (3.1.2)

where the G (i.e. the reciprocal lattice vector) defined by G.R = 2πm. The ψj,k (i.e.

theelectron wave functions) may written as a linear combination of plane waves:

ψj,k =
∑
G

Cj,k+Ge
iG.r. (3.1.3)

Given that each electron occupies a state of definite k, the infinite number of elec-

trons within the solid gives rise to an infinite number of k-points.

3.2 Augmented Plane Wave Scheme

This method is based on Slater [47] observation that:

• Electrons will strongly be bound closer to the nucleus. The electrons behave

similarly as in a free atom and can be efficiently described by atomic functions.

• Far away from nuclei, electrons are nearly free in space and can suitably be

described by plane waves.

The whole space has been divided into muffin-tin (MT ) spheres (spheres centered

at each atomic site) and interstitial (I) region (see (Fig. (3.2)a).

Within the MT potential is considered to be spherically symmetric in shape,

while potential is kept constant in the interstitial area. Different Basis sets are used

in two different regions (see Fig. (3.2)b):

φ =

 1√
Ω
ei(G+~k)r (rεI)∑

lm

Almu
α
l (r, El)Ylm ˆ(r) (rεMt)

 . (3.2.1)
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Figure 3.2: Schematic division of (a) Space into Muffin-tin spheres and an interstitial

region. b) Wave function in to black atomic partial waves in the MT sphere and red

plane waves in I region [42]

Where, Ω is the cell volume, ul atomic radial function, Ylm spherical harmonic and

Alm coefficients, which we can calculated, by requiring that the wave-function is

continuous in the Mt spheres boundary.

Alm =
4πil√

ΩUl(Rα)

∑
G

Jl(|k + g|Rα)Y ∗lm(k + g). (3.2.2)

In the interstitial region the plane waves solves SE in a constant potential. In the

MT spheres, the spherical harmonics times radial function is a solution of SE in a

potential V (r) and energy El:

− 1

r2

d

dr
(r2dul

dr
) + (

l(l + 1)

r2
+ V (r)− El)rul = 0. (3.2.3)

The biggest disadvantage of the APW scheme is that the factor El in Eq. (3.2.1)

which is required to get the Eigen-state ψkn(r) is unknown, and requiring the E ′ls

to be same as the band energies. APW method cannot get this energy from the

diagonalization of the Hamiltonian matrix. The radial function u′ls depends on the

band energies, hence, Secular equation becomes a nonlinear problem. One has to

set trial energy for El, obtaining the APW basis by solving Eq. (3.2.3), to set up

the matrix elements and to compute the determinant |H − ES| (see Fig. (3.3)).

If the Eigen energy is not equal to El, then trial energy must be selected until

Eigen energy become equal to El (see Fig. (3.4). This makes the APW method

inefficient. Another disadvantage is that, when ul in Eq. (3.2.2) becomes zero, the

radial function and the plane wave becomes decoupled. That means there is no
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Figure 3.3: Satisfying the secular equation |H − ES| = 0 in APW by numerically

finding the zeros [48]

Figure 3.4: Flowchart of APW method.[42]
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Figure 3.5: Augmentation of a PW by a p-like partial wave inside the iron atomic

sphere by APW (kink) and by LAPW (smooth derivative)[48]

continuity between the radial function and the plane wave in the boundary of MT

sphere (see Fig. (3.2)b).

3.3 The Concept of LAPW Method

To avoid the non-linearity of the problem and the discontinuity in the APW tech-

nique, the linearized plane wave LAPW technique was developed [49], [50]. The

radial function ul within Mt sphere be supplemented by their energy derivative

(u̇l = ∂ul
∂El

) however, ul and u̇l can be calculated at a fixed energy El (see Fig. (3.5)).

In the LAPW method the basis set in the interstitial part is almost same as in APW

method, while in the MT spheres, the basis function depends on ul as well as on its

energy derivative:

φ =

 1√
Ω
ei(G+~k)r (rεI)∑

lm

[Almu
α
l (r, El) +Blmu̇

α
l (r, El)]Ylm ˆ(r) (rεMt)

 , (3.3.1)

the Alm and Blm are the coefficients and can be calculated because ul as well as

u̇l are continuous at the Mt spheres border is calculated from SE, by taking the

energy derivative of Eq. (4.7) with respect to El:

− 1

r2

d

dr
(r2dul

dr
) + (

l(l + 1)

r2
+ V (r)− El)ru̇l = rul. (3.3.2)

Furthermore, if ul is zero at the sphere boundary, its radial derivative is in general

non zero. Hence, the boundary conditions can always be satisfied and there is no

asymptote problem. Now if there is a change in the El from band energy ε, then

linear arrangement may replicate the APW radial function which is constructed at
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the band energy as follow:

ul(ε, r) = ul(El, r) + (ε− El)u̇l(El, r) +O(((ε− El))2). (3.3.3)

Some materials contain chemical elements with states between band and core states.

Such state are called semi core states.

φ =

 0 (rεI)∑
lm

[Almu
α
l (r, El) +Blmu̇

α
l (r, E1

l ) + Clmu
α
l (r, E2

l )]Ylm
ˆ(r) (rεMt)

 . (3.3.4)

This LO remains zero in the interstitial and Mt sphere regions of the other atoms.

The coefficients (Alm, Blm and Clm) can be calculated by requring that LO ap-

proaches smoothly zero at the Mt boundary.

3.4 The full-potential liner augmented plane wave

method (FP-LAPW)

Since 1970, the muffin-tin approximation is frequently used in the APW and LAPW

techniques. Let us recall that MT approximation means that the potential is con-

stant in the interstitial region, while is spherical symmetric elsewhere. This approx-

imation is efficient in highly coordinated systems such as the face centered metallic

structures but for the covalent bonded and open structure solids is not very effi-

cient. So, to obtain better predications for these (covalent bonded and open struc-

ture solids) compounds, shape approximation must not be used. These systems are

treated with FP-LAPW method.

This method combines the LAPW basis with the treatment of the full potential

(FP) in both Mt and interstitial regions [18]. In this approach the potential is

expanded in both parts of the unit cell in the following way

V (~r) =
∑
LM

VLM(r)YLM ~(r). (3.4.1)

V (~r) =
∑
K

VKexp(i ~K.~r). (3.4.2)

Where Eq. (3.4.1) and Eq. (3.4.2) are for inside the atomic sphere and outside the

atomic sphere, respectively. This form is termed as the FP (full-potential) scheme.

3.5 Technical Parameters: Energy Cutoff and K-

mesh

In order to measure the accuracy in the computational results depends on lmax,

Ecut (cutoff energy) and the k-points (k-mesh) are considered an important basis set
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parameters in the DFT codes for the solid state calculations. In DFT calculations

these parameters should be used in order to balance the computational load and

accuracy.

In order to construct the wave functions, we use the plane waves. Generally using

more plane waves results in better results. But for the computation mechanism

the wave functions, using the infinitely plane wave are not necessary. We have to

limit the energy cutoff that defines the number of plane waves used. The equations

between plane wave coefficient and energy cutoff is given below

Ecut =
~K2

max

2me

. (3.5.1)

Based on the Kmax, the ψ is written as

ψkn(r) =
Kmax∑
K

CK,kne
i(k+K).r. (3.5.2)

In FPLAPW, the Ecut is used in the interstitial region.

The lmax parameter, controls the size of the LAPW augmentation which consists

of an infinite sum over angular momenta l. This summation will be truncated

at lmax. While the the plane wave cutoff Kmax parameter, determines the size of

the basis set. Only those basis functions with a | ~K| that satisfies the condition

| ~K| ≤ Kmax. kmax are included in the basis set. As a consequence, lmax and kmax

control the accuracy of the calculation (completeness and quality). Good choices

for these parameters are therefore very important.

So, evaluating the Kohn-Sham equations requires many system quantities i.e.,

the charge density to be integrated over the Brillouin Zone (BZ).∫
IBZ

1

ΩIBZ

dk →
∑
k

ωk. (3.5.3)

Hence, using the more k-mesh, the integrand will be more accurate. Similarly as

in case of Ecut, we should also find an optimum k-mesh at which the quantities

of interest are converged. Commonly there exist two kinds of methods to get the

k-points. (a) tetrahedron method and (b) the special k-point method. Here we use

the last one, which produce a grid of uniform k-points in the BZ.
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3.6 Structure of the WIEN2k code

All calculations performed in this work utilized WIEN2k code, version 13 [55]. This

package is based on the full potential linearized augmented plane wave (FPLAPW)

method for solving the DFT problems, considered one of the most accurate methods.

WIEN2k provides user-friendly environment that ensures that calculations can be

easily implemented. In addition, crystal structure and symmetry can be developed

either manually or data can be imported from a crystallographic database. On

the basis of self-consistent calculations, several other packages are used to perform

physical properties calculations from the obtained ground state density, including

total and projected density of states, optical and phonon properties, atomic sites,

energy band structure and X-ray absorption and emission spectra.

The basis set for WIEN2k is augmented plane waves that represent the electrons

of a periodic crystalline system [51]. Spherical harmonics in the non-overlapping

region centered at the atomic cites and block plane waves in the interstitial area

between nuclei are part of this set. The intersection point of the two regions is

muffin-tin radii. At the beginning of the calculation, such radius is chosen to restrict

the core state electrons to atomic nucleus and allow semi-core and valence electrons

to delocalize, forming plane waves. A converged set is produced to reduce number

of basis set functions, whereby WIEN2k augments the basis sets with local orbitals,

namely constructed radial functions that are constrained by an appropriate choice

of coefficients to zero magnitude and radial derivative at the muffin-tin radius of

a particular nucleus. System of plane waves is represented diagonally and achieves

continuity at muffin-tin radii. These new basis sets are utilized to calculate the state

density required to iteratively solve the DFT problem.

WIEN2k only determines the basis sets at discrete positions in reciprocal space,

known as k-space. Therefore, mesh of k-points must be specified prior to commenc-

ing calculations. Parallel calculations can be performed over a number of processors

as the k-points are discretely distributed. This approach allows WIEN2k to rapidly

process a large grid of k-points if sufficient resources are available. Once the cal-

culations are complete and a converged density of states is achieved, the output is

compared with the actual experimental data in order to validate the results obtained.

By comparing these results, it is possible to assess the validity of the proposed crys-

tal structure used for the DFT calculation. If there is a sufficient agreement, the

DFT calculation can be used as an aid in interpreting experimental results, such as

the identification of secondary peaks from hybridizing atoms in an X-ray emission

spectrum.

The process described above is depicted in the flow chart of WIEN2K given in

Fig. (3.6).
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Figure 3.6: Wien2k flow chart[55]
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3.7 Theory of Optical Properties (OP)

The OP of solid materials provide a significant means for studying localized defects,

excitons, lattice vibrations, energy band structure, impurity levels, and certain mag-

netic excitations. The light interacts with matter in many ways, whose effects are

of great interest for materials. For example, when light of a particular energy falls

on the material surface, transition of electrons takes place between the occupied va-

lence bands and the unoccupied conduction bands. These transitions act as a source

of information about the energy bands, as energy-dependent optical properties are

related to the band structure. Complex dielectric function (Eq. (3.7.1)) is one of the

most important optical characteristic of materials

ε(ω) = ε1(ω) + iε2(ω), (3.7.1)

where ε1(ω) and ε2(ω) are the real and imaginary part of the dielectric function.

Intra-band and inter-band are the two main transition effects that occur in the

dispersion of dielectric function.

3.8 Dielectric Function

3.8.1 Intra-band Transitions

Intra-band transitions are particularly important in metals and contribute mostly

to the dielectric function. When electrons are excited from a partly filled band to

an empty state within the same band, this excitation is known as the intra-band

transition, as shown in Fig. (3.7. If we consider only the electron-phonon interaction,

the real band transition is not feasible, as the required momentum changes with the

transition to another state in the same band cannot be supplied by the photon. On

the other hand, this is possible with simultaneous scattering of mobile carrier by

phonon/impurities. Using a classical approach, Drude developed a theory for such

an absorption process, which is known as the Drude model.

The main premise behind this model is that, by considering the motion of quasi-

free electrons, the dielectric function and the optical conductivity can be determined

under the influence of the oscillating electric field vector of the electromagnetic wave.

Moreover, the intra-band absorption can be discussed in terms of classical dis-

persion theory. For electron of charge e and mass m, the equation of motion is given

by:

m(ẍ+ γẋ+ ω2
0) = e ~E0exp(iωt), (3.8.1)
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Figure 3.7: Intra-band transition.[56]

where γ is the damping constant and mω2
0x is the restoring force, applicable to

electron binding. This leads to the following expressions:

ε1(ω) = ε1(ω) + iε2(ω) = 1 +
4πNe2

m
[

ω2
0 − ω0

(ω2
0 − ω0)2 + γ2ω2

]. (3.8.2)

While there are no restoring force for free electrons, it can be assessed as a system

of oscillators of Eigen frequency ω0 = 0. Therefore,

ε1(ω) = 1− 4πNe2

m
[

1

(ω2 + γ2)
]. (3.8.3)

ε2(ω) = 1− 4πNe2

m
[

γ

ω2(ω2 + γ2)
]. (3.8.4)

While m is replaced by meff the effective mass and γ by 1/τ , where τ denotes the

electron-lattice collision time.

ε1(ω) = 1− 4πNe2

meff

[
1

(ω2 + τ−2)
]. (3.8.5)

ε2(ω) = 1− 4πNe2

meff

[
1

ωτ(ω2 + τ−2)
]. (3.8.6)

The Drude term includes, when the optical properties of metallic compounds are

calculated, hence

ε2(ω) = εinter(ω) + ε2intra(ω), (3.8.7)

ε2intra(ω) = [
ω2
pτ

ω(1 + ω2τ 2)
], (3.8.8)

Where ωp and τ denote the plasma frequency and the mean free time between

collisions, respectively [53]. For the material characterized by anisotropy, the ωp can

be calculated from electronic structure using:

ω2
p =

8π

3
e2
∑
kn

~θknδ(εkn), (3.8.9)
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where εkn is |En~k − EF | and ~θkn is the electron velocity.

Experimentally, the dielectric functions cannot be achieved directly from optical

measurements. On the other hand, reflectivity R(ω), the refractive index n(ω),

and the extinction coefficient k(ω) can be directly accessed. These experimentally

observable quantities are given by:

I(ω) =
√

2(ω)

√√
ε21(ω) + ε22(ω)− ε1(ω). (3.8.10)

L(ω) =
ε2(ω)

[ε2
1(ω) + ε2

2(ω)]
. (3.8.11)

n(ω) =

√√
ε21(ω) + ε22(ω) + ε1(ω)

2
. (3.8.12)

R(ω) = |
√
ε(ω)− 1√
ε(ω) + 1

|2. (3.8.13)

The above stated dielectric functions are associated with the electric polarization ~P

and electric field ~E through the following equation:

~P i = εij ~Ej. (3.8.14)

The term εij is a second rank tensor, having six independent component, εxx(ω),

εyy(ω), εxx(ω), εxz(ω), εxy(ω) and εyz(ω), in which some components can be zero,

depending on the crystal symmetry. Each of these six components is involved in

elucidating the behavior of the dielectric function of the crystals possessing the

triclinic symmetry. In the case of monoclinic symmetry, εyy and εzz are equal to

zero, while the off-diagonal components are zero, for the tetragonal, trigonal and

hexagonal symmetry and εxx(ω) = εyy (these symmetries are referred to as uniaxial).

All three diagonal components of the cubic symmetry are equal [54].

In this thesis, hexagonal symmetric, layered transition quaternary chalcogenide is

also discussed. This symmetry has three nonzero dielectric components, εxx(ω), εyy

and εzz with εxx(ω) = εyy [55] and the dielectric properties are measured on the basis

of a single crystal. While performing the experiments, the electric field ~E is taken

either parallel or perpendicular to the c-axis. The parallel and perpendicular compo-

nents obtained experimentally are ε⊥(ω) and ε‖(ω), respectively. These components

are related to the dielectric components using the equations given below:

εxx + εyy

2
= ε⊥(ω). (3.8.15)

εzz = ε‖(ω). (3.8.16)



32 CHAPTER 3. BAND STRUCTURE METHOD

Experiments are usually carried out on polycrystalline samples, as it can be very

difficult to grow single crystals. Average or total dielectric function in case of poly-

crystalline samples can be calculated using the following expressions:

εxx(ω) + εyy(ω) + εyy(ω)

3
=

2.ε‖(ω) + ε⊥(ω)

3
. (3.8.17)

εpoly(ω) = εav(ω). (3.8.18)

All the components of ε(ω) are complex.

3.8.2 Direct inter-band transitions

Inter-band transitions (direct and indirect) are the most common phenomena in

semiconductors. Dielectric function (ε(ω)) explores highly useful information about

the optical nature of the material. Optical spectra of metals, semiconductors or

disordered systems generally have more structures in the energy region between

2.3 ∼ 10.0 eV, which are seen in the form of peaks, edges, etc., in the absorption

VS energy curve (visible to the far UV region) than the one that arises from Drude

absorption, and the plasma oscillations of free electron is accelerated by the electric

field of the light wave. These structures emerge when the electrons interact with

photons, and thus become excited, allowing them to transition from one band to

another. This phenomenon is referred to as inter-band transitions (see Fig. (3.8).

This type of transition occurs only in insulators, semiconductors or their alloys,

because the conduction band is completely unfilled in these materials. The transition

takes place from the filled valence band to the unfilled conduction band. For such

cases, the Drude absorption is not possible. For this process, it is necessary to

develop a quantum transport theory, whereby the electron-photon interaction is

treated as the exciting part of the Hamiltonian.

Thus, the total Hamiltonian is given as:

H =
1

2m
(~P + e ~A) + V ~r. (3.8.19)

where ~A is the vector potential of the EMF (electromagnetic field), and ~P and V ~r

symbolize the momentum and the periodic crystal potential, respectively. The ist

order perturbation describes the correspondence among the radiation and electrons.

It is the time-dependent linear term given by:

H0(~r, t) =
e

m
( ~A+ e ~P ). (3.8.20)

The vector potential (i.e. for the plane wave) is given as

( ~A = ( ~A0êexp[i(~k.~r − ωt)] + cc, (3.8.21)
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Figure 3.8: Inter-band transition[56]

where cc and ê are the complex conjugate and unit vector of polarization in electric

field. The electron transition probability from an occupied valence band state Ev(~kv)

to an empty conduction band state Ec(~kc) is then

W (ω, t,~kv, ~kc) =
e2

m2~
|
∫ t

0

dt′
∫
V

d~rψc(~kc, ~r, t) ~A.~pψv)(~kv, ~r, t)|2, (3.8.22)

the ψv and ψc Eigen functions relating to Ev and Ec, Hence,

ψv(~kv, ~r, t) = exp[−i~Ev(~kv)t]exp(i~kv.~r).uv(~kv, ~r. (3.8.23)

The following equation, along with Eq. (3.8.21),Eq. (3.8.22) and Eq. (3.8.23)

~E = −δ
~A

δt
, (3.8.24)

results in:

W (ω, t,~kv, ~kc) =
e2E2

0

m2ω2
|
∫ t

0

dt′exp[i~−1(Ec − Ev − ~ω)t′]~e. ~Mev|2 (3.8.25)

In addition,

~e. ~Mev =

∫
v

d~rexp[−i(~kc − ~k)u∗c .δexp(ikv.~r)uv. (3.8.26)

Integrating Eq. (3.8.25) by t
′

yields:

W (ω, t,~kv, ~kc) =
e2E2

0

m2ω2
|exp[i(Ec − Ev − ~ω)t/~]− 1

i(Ec − Ev − ~ω)t/~
~e. ~Mev|. (3.8.27)

Giving transition probability per unit time, expressed as:

~Wev =
~e2E2

0

2πm2ω2

∫
d~k|~e. ~Mev|2δ(Ec − Ev − ~ω). (3.8.28)
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If the difference in energy between final and initial states is the same as the photon

energy then the transition probability is different from zero. Various optical constant

can be attained, such as the conductivity, given by:

δ(ω) = 2Wev~ω/~E2
0 . (3.8.29)

As a result, the imaginary part is given by:

ε2(ω) =
4~e2

π2m2ω2

∫
d~k|~e. ~Mev|2δ(Ec − Ev − ~ω). (3.8.30)

ε2(ω) =
4~e2

π2m2ω2

∫
d~s
|~e. ~Mev|2
~∇k

(Ec − Ev)(Ec−Ev)~ω). (3.8.31)

From the imaginary part ε2(ω), the real part can be calculated using the Kramers-

Kronig relations:

ε1(ω) = 1 +
2

π

∫ ∞
0

ω′

ω′2 − ω′ ε2(ω′)dω′. (3.8.32)
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3.9 Boltzmann Transport Theory

Using the Boltzmann Transport Theory, the thermoelectric transport coefficients

can be computed. This theory describes the distribution function f(n, k), produced

by an external electric field E and a temperature gradient ∇T . This f(n, k) (distri-

bution function) provides the probability of finding the electron in n (band) with k

(wave vector). The Boltzmann equation is given as:

−(
∂f 0(n,~k

∂ε(n,~k)
)~v(n,~k)[

ε(n,~k)

T
∇T + e ~E −∇µ] = −(

∂g(n,~k

∂t
)SC , (3.9.1)

where the ∂f(n, k)), ε(n, k), v(n, k), T, e, E and µ denote the equilibrium distribution

function, energy of an electron, velocity of an electron in band n with wave vector k,

temperature, charge of an electron, external electric field, and the chemical potential,

respectively. In the above equation, the g(n, k) represents the difference between the

equilibrium Fermi function f 0(n, k) and the Fermi function that is produced by an

external electric field/temperature gradient f(n, k). In order to obtain the simplified

form of the Boltzmann equation, the constant relaxation time approximation (RTA)

is used. Then, Boltzmann transport equation becomes:

−(
∂f 0(n,~k

∂ε(n,~k)
)~v(n,~k)[

ε(n,~k)

T
∇T + e ~E −∇µ] = −(

g(n,~k

t
). (3.9.2)

When the right side of the above equation is replaced by the RTA (i.e., g(n, k) =

f(n, k)−f 0(n, k)), it can be solved for f(n, k). For the calculations, the band struc-

ture data ε(n, k) is needed from which the Boltzmann equation may be calculated,

where the group velocity v(n, k) is given as:

~v(n,~k) =
1

~
(
∂ε(n,~k)

∂~k
. (3.9.3)

As the f(n, k) is now known, using the electrical-current density, the thermoelectric

properties can be calculated. On the other hand, the current density is given by the

Onsager relations:

J = −16πe
√

2m

3h3

∫
E3/2τ(E)

∂f0

∂E
(
E − µ
T
∇µ+ eE0)dE. (3.9.4)

JQ = −16π
√

2m

3h3

∫
E3/2(E − µ)τE

∂f0

∂E
(
E − µ
T
∇µ+ eE0)dE. (3.9.5)

Evaluating the above equations results in the Onsager relations, given below:

~J = σE0 − σS∇T, (3.9.6)

~J = σSTE0 − κ∇T, (3.9.7)
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the terms σ, S,E0 and ∇T denote the electric conductivity, Seebeck coefficient, ex-

ternal electric field and the temperature gradient, respectively. The κ′ symbolizes for

the thermal conductivity that is achieved from the electrical conductivity using the

Wiedmann-Franz law. Given the above, it is possible to calculate all thermoelectric

properties.

σ =
ne2τ(Ef )

m
. (3.9.8)

S = −
π2k2

β

3e

∂

∂E
In[E3/2τ(E)]E−τ . (3.9.9)

κ =
π2k2

β

3e2
σT. (3.9.10)

3.9.1 Thermoelectric (TE) Properties

Thermoelectric properties are effects that occur in some materials due to the tem-

perature difference between two dissimilar metals, which create an electric potential

and vice versa. Seebeck coefficient, Peltier effect and Thomson effect are phenomena

that are responsible for thermoelectric properties. In extant literature, a consider-

able attention has been given to thermoelectric materials due to their useful ap-

plications, such as electric generators, thermoelectric coolers, clean energy, photon

sensing devises and mechanic free heat pumps [57]. Material selection criteria for

thermoelectric are based on dimensionless quantity called Figure of Merit (ZT) [57].

ZT =
S2σ

ke + kl
T, (3.9.11)

where S represents Seebeck coefficient, σ is the electric conductivity, T is the abso-

lute temperature and ke, kl are the thermal conductivities due electrons and lattice,

respectively. The above equation clearly shows that, to obtain high ZT, the material

should have maximum value of Seebeck coefficient and lower thermal conductivities

of electrons and lattice [58] (see Fig. (3.9). In this work, the transport properties

were computed using the BoltzTraP code based on the Boltzmann theory. In the

real compounds, the variations in the hole and electron distribution is explained by

the Boltzmann transport relations. Using BoltzTraP code, all pertinent parameters

(electrical/thermal conductivities, Seebeck coefficient, power factor and Figure of

Merit) can be investigated with constant relaxation time. The transport tensors vs.

temperature and chemical potential [57, 59, 60, 61] are expressed as:

σαβ(µ, T ) =
1

Ω

∫
σ̄αβ(ε)[

−∂f0(T, ε, µ)

∂ε
]dε, (3.9.12)

Sαβ(µ, T ) =
1

eTΩσαβ(T, µ)

∫
σαβ(ε)(ε− µ)[

−∂f0(T, ε, µ)

∂ε
]dε, (3.9.13)
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Figure 3.9: Dependence of Seebeck coefficient, electrical conductivity, thermal con-

ductivity and power factor on charge carrier concentration [58].

where α and β denote tensor subscripts while Ω, µ, and f0 symbolize the volume

(unit cell), Fermi level (charge carrier) and Fermi distribution function, respectively.

Using the constant relaxation time approximation, the Seebeck coefficient can be

S = ± 1

eT
[EF −

∫ ∞
0

g(E)τeE
2df0(E)

dE
/

∫ ∞
0

g(E)τeE
2df0(E)

dE
, (3.9.14)

where the e, EF , g(E), τe are the electron charge, Fermi level, the density of state

and relaxation time, respectively. The Fermi level (EF ) and the density of state

(g(E)) as a function of E can be obtained from the calculated DFT results and the

relaxation time τe is treated as a constant. Therefore, the Seebeck coefficient as a

function of temperature T can be determined using the expression above.

The Seebeck coefficient plays a significant role in determining the performance of

the thermoelectric material. Seebeck measurements are frequently used to measure

the sign of the dominant charge carriers in a material.

The σαβ (conductivity distribution), a particularly significant part of σ, is ex-

pressed as:

σ̄αβ =
e2

N

∑
i,k

τ.vα(i, k).vβ(i, k).
δ(ε− εi,k)

dε
. (3.9.15)

In the stated expression, k, i and N , are the wave vector, band indices, and number

of k points, respectively, whereas vα/vβ(i, k) denotes the α/β components of the

group velocity v(i, k) of charge carrier. The v(i, k) (group velocity) is expressed as:

v(i, k) =
1

~
∂ε(i, k)

∂kα
. (3.9.16)
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The velocity featuring in the expression above can be evaluated using the energy

band structures, also known as the band crossing [62].

The electrical conductivity is comparatively larger for metals, in the order of

106(Ωcm)−1. In semiconductors, for conduction to occur, the carriers must be ther-

mally excited across a gap.

σ ≈ σ0exp[
+EG
KβT

]. (3.9.17)

Using the BoltzTraP code, the electrons mobility is considered as semi-classical. The

thermal conductivity tensor (dependent on temperature and chemical potential) can

be expressed as:

καβ(µ, T ) =
1

eTΩ

∫
σαβ(ε)(ε− µ)2exp[

−∂f0(T, ε, µ)

∂ε
]dε. (3.9.18)

On the other hand, the electronic thermal conductivity is given by:

κe = κ0 − S2σT. (3.9.19)

Using these expressions, the power factor (S2σ) and Figure of Merit (ZT = S2σ
ke+kl

T )

can be computed, thus revealing valuable information regarding the material effi-

ciency.



Chapter 4

Conclusion

Combined study of the electronic structure, optical and thermal properties were

performed by first principle methods. The calculated electronic band structure re-

sults shows P1 and P5 shows indirect while the P2 and P5 shows the direct band

gap. Whereas the P3 shows the metallic nature. Our investigated electronic band

structure results show good agreement with previous theoretical and experimental

results. From the density of states we found covalent nature due to strong hybridiza-

tion among the atoms of the P1 P2 and P5. The frequency dependent dielectric

function was calculated to study optical properties. The calculated results showed

inter/intra-band absorption in the low frequency region within the band gap. As

we found that the P1 and P5 are wide (direct) band gap material. Our results for

the dielectric function show strong and direct absorption at the sharp peak. We

found that the P1 and P2 has a maximum reflectivity in the visible and UV re-

gions of electro-magnetic spectrum leading to consider it for potential application

as photo-voltaic material. In addition we also focused on the thermal properties for

the P1 and P2. The effects of substitution for these compounds on the electrical

and thermal transport were emphasized. This substations shows incorporate a sig-

nificant increased in the thermoelectric figure of merit that mainly resulted from the

reduction of thermal conductivity. Therefore, substitutions have been a feasible and

common way to enhance thermoelectric properties in these quaternary chalcogenides

compounds, especially for P1.

The reported calculations in this thesis provide new structural, electronic, optical

and thermoelectric results for new materials based on sulfur (S), selenium (Se),

tellurium (Te). Hence, this study forms part of a large theoretical effort to explore

the properties of these compounds, so it is our ambition that these calculations will

inspire further experimental research on these compounds.
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Abstract
The increase in energy demands is leading to growing interest in new thermoelectric inorganic
materials, such as the chalcogenides. The recently synthesized quaternary chalcogenide,
Tl2PbXY4 (X=Zr, Hf and Y=S, Se), compounds were investigated using the full potential
linear augmented plane wave method based on density functional theory. We used the
generalized gradient approximation plus the optimized effective Hubbard parameter U to treat
the exchange correlation. The existence of heavy metals (Tl, Pb and Hf) required the application
of relativistic spin–orbit coupling via a second variational procedure. Tl2PbHfS4, Tl2PbHfSe4,
Tl2PbZrS4 and Tl2PbZrSe4 compounds were found to be semiconductors with indirect band gaps
of 0.911, 0.659, 0.983 and 0.529 eV, respectively. The types of carriers and electrical transport
properties of Tl2PbXY4 (X=Zr, Hf and Y=S, Se) are attributed to the Tl-d and S/Se-s
electronic states near the Fermi level. Optical properties were investigated via the calculation of
dielectric function and reflectivity. Using Boltzmann theory, we compared the thermoelectric
properties and we found that Tl2PbHfS4 could be a good candidate for thermoelectric devices.

Keywords: chalcogenides, thermoelectric, semiconductors, Seebeck coefficient, optical proper-
ties, DFT, inorganic materials
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1. Introduction

Recently, inorganic compound semiconductors have been
considered of great interest because of the increasing attention
on energy conversion and renewable energy sources. One
important application of these compounds is thermoelectric
energy conversion [1–3]. Materials with low thermal con-
ductivity, a high Seebeck coefficient and electrical con-
ductivity, and a figure of merit (ZT) equal to one are good
candidates for thermoelectric devices [4]. One of the most
challenging tasks for solid state physicists and chemists is to
increase the figure of merit, ZT of the synthesized thermo-
electric materials. Transition metal chalcogenides are con-
sidered as interesting candidates for thermoelectric materials
where the anion–anion bonding in chalcogenides can enhance
the molecular anion and provide higher covalency. Some
thermoelectrics based on selenides that have been reported in
the recent literature are: Bi2Se3 materials [5], doped PbSe [6],
quaternary tin selenide K1−xSn5−xBi11+xSe22 [7] and
CsCdInQ3 (Q=Se, Te) [8].

The Tl-based quaternary chalcogenides incorporating a
group IV-B metal (X=Zr, Hf) are attractive for thermo-
electric devices. Thallium (Tl), as a heavy metal, reduces the
thermal conductivity and creates complex coordination due to
the presence of a lone electron pair and is very useful in
thermoelectrics. Among complex inorganic compounds, a
new class of quaternary compounds with the general formula
Tl2PbXY4 (X=Zr, Hf and Y=S, Se) has been investigated.
These compounds crystallize in the monoclinic crystal system
with space group C2/c and have indirect band gaps below
1 eV and optical gaps of 1.2–1.6 eV. The electrical transport
properties of Tl2PbXY4 indicate that this material exhibits a
semiconducting nature [9]. A large positive Seebeck coeffi-
cient from S=+190 VK−1 at room temperature to
S=+420 VK−1 at 520 K has been observed for Tl2PbHfSe4
[9]. The presence of thallium might necessitate considerable
caution in manipulating Tl2PbHfSe4, due to the toxicity of Tl.

In this paper, we determined the electronic, optical and
thermoelectric properties of the Tl-based quaternary chalco-
genides Tl2PbXY4 (X=Zr, Hf and Y=S, Se) using the full
potential linear augmented plane wave (FP-LAPW) method
within density functional theory (DFT) [10, 11]. Thermoelectric
properties, such as the thermal conductivity, Seebeck coefficient,
electrical conductivity and figure of merit (ZT), are calculated
from 300K to 800 K using the BoltzTraP code [12]. This article
is organized into four sections. In section 1, we have given a
brief introduction to the topic and the main aims. The compu-
tational methodology is presented in section 2. The results and
discussion of the calculations are described in detail in section 3.
Finally, a summary completes the current work in section 4.

2. Computational methodology

The Tl-based quaternary chalcogenides Tl2PbXY4 (X=Zr,
Hf and Y=S, Se) have been investigated as new types
of structures in the monoclinic crystal system with space
group C2/c (Z=4) (as shown in figure 1). The lattice

parameters, a=15.455 Å, b=8.214 Å and c=6.751 Å (for
Tl2PbZrS4), a=15.906 Å, b=8.472 Å and c=7.016 Å
(for Tl2PbZrSe4), a=15.470 Å, b=8.226 Å and c=
6.7103 Å (for Tl2PbHfS4), and a=15.9480 Å, b=8.4720 Å
and c=6.9733 Å (for Tl2PbHfSe4) were obtained from [9].
We performed electronic, optical and thermoelectric calcula-
tions of the Tl2PbXY4 compounds.

In this study, a very efficient and successful approach, the
FP-LAPW method within the framework of DFT as imple-
mented in the WIEN2k package [13], was used to solve the
Kohn–Sham equations [10]. The exchange correlation was
treated within the generalized gradient approximation plus
the optimized effective Hubbard parameter U (GGA+U)
[14–18]. Spin–orbit coupling (SOC) was also taken into
consideration using the variational approach [13]. We used a
mesh of 2000 k-points in the irreducible Brillouin zone and
the muffin-tin radius (RMT) for Tl, Pb, Zr, Hf, S and Se. The
wave function inside the sphere was expanded in spherical
harmonics up to lmax=10.0, and the charge density was

Figure 1. Unit cell structure of the considered chalcogenides
Tl2PbXY4 (X=Zr, Hf and Y=S, Se).
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Figure 2. Calculated band structure of Tl2PbXY4 (X=Zr, Hf and Y=S, Se).
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Figure 3. Calculated total and partial DOS (states/eV unit cell).
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Fourier expanded to Gmax=12.0. The value of RMT × Kmax

was taken as 7.0. The self-consistent calculations were con-
sidered to be converged when the total energy was 10−4 Ry.

Using Boltzmann transport theory and the rigid band
approach implemented in the BoltzTraP code [12] we calcu-
lated the transport coefficient under constant scattering time
of the crystalline materials [12]. In fact, this package is effi-
cient in elucidating the electronic structure and transport
coefficients of the considered compounds. In the present
approximation, we ignored the temperature dependence on
the E–K curve (band structure). Combining DFT outputs and
the BoltzTraP code, we were able to determine the Seebeck
coefficient S ,( ) along with the electrical conductivity ,( )s
thermal conductivity kele( ) and power factor S ,2( )s as function
of constant relaxation time (s).

3. Results and discussion

3.1. Electronic properties

The band structures of the investigated compounds are shown
in figure 2, illustrating the semiconducting nature of these

compounds. We observed a very negligible interaction of the
Pb-d/f states in the projected densities of states (PDOS)
figure and a small contribution of Tl-p states, whereas a
remarkable contribution of the f-states of Hf is observed.
Figure 2 shows the energy band structures of the Tl2PbHfS4,
Tl2PbHfSe4, Tl2PbZrS4 and Tl2PbZrSe4 compounds, which
were calculated using the FP-LAPW method. In the
band structure, the valence band (VB) region appears from
−13.82 to 0 eV, and the conduction band region appears from
0.911, 0.659, 0.983 and 0.529 eV onwards for the Tl2PbHfS4,
Tl2PbHfSe4, Tl2PbZrS4 and Tl2PbZrSe4 compounds, respec-
tively. We should emphasize that our calculated band gap
using GGA+U+SOC produces better results than pre-
vious calculations [10]. The substantial dispersion of the
bands corresponds to delocalized electrons in real space. Near
the Fermi level, the maximum of the VB for Tl2PbHfS4,
Tl2PbHfSe4, Tl2PbZrS4 and Tl2PbZrSe4 occurs at the A, Γ, L
and L points, respectively. While the conduction band mini-
mum occurs at the G point for Tl2PbZrSe4 and along the A–Γ,
A–A and A–A directions for Tl2PbHfS4, Tl2PbHfSe4, and
Tl2PbZrS4, respectively, resulting in indirect band gap
materials.

Figure 3. (Continued.)
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To further elucidate the nature of the electronic band
structure and contribution of each atom in the structures, we
calculated the total and atomic site PDOS for these com-
pounds. Figure 3 shows the calculated DOS of only the
Tl2PbHfS4 and Tl2PbHfSe4 compounds as an example since
the band profiles are quite similar for the remaining com-
pounds with very small differences in the details. The
investigated DOS can be divided into various group structures
separated by energy gaps. Based on the PDOS, the angular
momentum is the origin of diverse bands. The lowest energy
group from −15.0 to 12.0 eV has arisen mainly from the Tl-p
and Hf/Zr-d states. The second group from −11.0 to −7.5 eV
has mainly arisen from the Pb-s/d states. The structure
between −7.0 eV and the Fermi level is due to the con-
tribution of the Pb-f, Tl-d and S/Se-p states. The structure
above Ef is mainly composed of the S/Se-p, Pb-p, Hf/Zr-s/f
and Tl-d states. From the partial DOS, one can see that
a strong hybridization exists between S/Se-p and Tl-d in
the VB; in the conduction, hybridization also exists between
Hf/Zr-s and Tl-d in the conduction bands.

3.2. Optical properties

Knowledge of the complex dielectric tensor components
allows the calculation of various optical constants, such us the
reflectivity R ,average ( )w the absorption coefficient average ( )a w
and the energy-loss function L .average ( )w All the investigated
compounds exhibit monoclinic symmetry, which has five
nonzero components of the dielectric tensor. However, as we
are discussing the Tl-based quaternary chalcogenide Tl2PbXY4

(X=Zr, Hf and Y=S, Se) compounds, there are three major
components; therefore, we will discuss the average of the three
( 3zz yy zzaverage ( ) ( ( ) ( ) ( )) )e w e w e w e w= + + components
for all the compounds. The calculated average imaginary part

2
average ( )e w is shown in figure 4(a). As observed in the ima-
ginary spectra, the investigated compounds exhibit approxi-
mately the same behavior and the anisotropy only exists at the
critical point. The height of the peaks for all the compounds is
located between 1.0 and 8.0 eV. The maximum peaks for the
chalcogenide Tl2PbXY4 compounds are situated between 3.0
and 4.0 eV. These peaks, which emerge in figure 4, are related
to the energy transition between orbital numbers (i.e. 2 ( )e w is
related to the DOS behavior). In contrast to figure 5, it is
apparent that the peaks are mostly located due to the transitions
from Y-p VBs to Pb-p conduction bands. Far from the main
peaks, the next peaks frequently arise from direct transitions
between X-s and Tl-p orbitals. Below 8.0 eV, the imaginary
spectra decrease incredibly rapidly with photon energy. The
consequences for the scattered part of the dielectric function,

,1
average ( )e w are observed in figure 4(b).

At higher frequencies, the zero crossing of 1
average ( )e w is

related to the position of the screened plasma frequency, as
reported in table 1, for all the chalcogenides. The static
dielectric constant 01( )e is specified by the small energy edge
of .1( )e w It is necessary to highlight here that we do not
include phonon assistance in the dielectric screening, and

01( )e refers to the static optical dielectric constant. The
attained optical dielectric constants following the
GGA+U+SOC formalism alongside the crystal axes are
given in table 1 for the investigated compounds.

Using the estimated dispersions of the imaginary and real
components of the frequency-dependent dielectric function,
one can further evaluate the optical properties including the
refractive index n ,average ( )w absorption coefficient I ,average ( )w
reflectivity Raverage ( )w and energy-loss function L .average ( )w
These results are presented in figures 5(a)–(d). The absorption
bands in the explored chalcogenides are due to the inter-ion
transitions observed in figure 5(a). Our calculated absorption
spectra show close agreement with previous experimental work
and similar chalcogenides [8, 9]. We observe that all the
compounds exhibit an interesting powerful optical absorptions
at higher energies. The absorption coefficients of these crests
are large, where the peaks represent the optical transitions due
to excitons. In the vicinity of the absorption peaks, the
absorption coefficients are large and indicate an allowed optical
transition, almost certainly due to an exciton level. The inten-
ded outcome is that all of the absorption spectra of the com-
pounds exhibit numerous absorption peaks in the fundamental
absorption region. In addition, we calculated the electron

Figure 4. Calculated imaginary 2 ( )e w (a) and real part 1( )e w (b) of
the dielectric tensor.
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energy-loss function that describes the interaction responsible
for the release of energy by a fast-moving electron traveling in
these materials. The interactions may encompass phonon
excitation, inter-band and intra-band transitions, plasmon
excitations and inner-shell ionizations. The energy loss is
generally large at the plasma frequencies. The energy-loss
spectra are presented in figure 5(b) for the investigated chal-
cogenides. The peaks at different energy ranges correspond to
electrical device excitations of different orbitals. The greatest

peaks in the energy-loss function are associated with plasma
oscillations. Furthermore, figure 5(c) displays the calculated
reflectivity spectra. These compounds exhibit medium reflec-
tivity, 45%, in the visible and ultraviolet regions. Figure 5(d)
displays the variation of the refractive index as a function of
incident photon energy. We note that in the low energy range,
the material has a high refractive index, which decreases at
high powers.

3.3. Thermoelectric properties

Recently, thermoelectric materials have attracted attention
due to their important role in electricity generation from heat,
sustainable energy solutions and their widespread use as
solid-state Peltier coolers. Thermoelectric ability can be
characterized by the dimensionless figure of merit (ZT), which
is defined as [1–5, 19, 20]: ZT=S2Tσ/(κe+ κl). Here, S, T,
σ, κe and κl represent the Seebeck coefficient, absolute

Figure 5. Calculated absorption coefficient I(ω) (a), energy-loss spectrum L(ω) (b), reflectivity R(ω) (c) and refractive index n(ω) (d).

Table 1. Calculated plasma frequency ωp and dielectric constant
01( )e of the compounds.

Compound ωp (eV) 01( )e

Tl2PbHfS4 4.52 5.22
Tl2PbHfSe4 3.93 6.27
Tl2PbZrS4 4.58 5.52
Tl2PbZrSe4 3.60 7.42
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temperature, electrical conductivity, and thermal conductivity
due to electrons and the lattice, respectively. Using the
Boltzmann theory as implemented in the BoltzTraP code
[9, 12], we calculated the average Seebeck coefficient (Save),
thermal conductivity (κave), electrical conductivity (σave) and
figure of merit (ZT) for Tl2PbXY4 (X=Zr, Hf and Y=S,
Se) compounds from 300 K to 800 K. In figure 6(a), the
variation in the average Seebeck coefficient as a function of
temperature is shown. Materials possessing a high Seebeck
coefficient (S) are considered good thermoelectric materials
for converting maximum heat to electrical power. It is
apparent from figure 6(a) that the Seebeck coefficient (Save) is
positive for all the Tl2PbXY4 compounds, indicating the
existence of p-type conduction. For Tl2PbHfS4, a compara-
tively large Save is observed with a peak value of
5.110−4 V K−1 at 300 K followed by a steep decrease in Save

up to 540 K. Furthermore, Save decreases with increasing
temperature to reach a value of 3.610–4 V K−1 at 800 K. At
300 K, the Save values for Tl2PbHfSe4, Tl2PbZrS4 and

Tl2PbZrSe4 are 2.010–4 V K−1, 2.1510−4 V K−1 and
1.910−4 V K−1, respectively. As the temperature increases,
small variations in Save occur, and maximum values of
2.2510−4, 2.4010−4 and 2.1510−4 V K−1 are attained at
800 K for Tl2PbHfSe4, Tl2PbZrS4 and Tl2PbZrSe4, respec-
tively. The calculated Seebeck coefficient for Tl2PbHfSe4
shows good agreement with the experimental work of [9].
The lattice and electronic parts contribute to the total thermal
conductivity and each of them varies differently with tem-
perature. In the theoretical model, we ignore the lattice ther-
mal conductivity klat and pay attention to the electronic part of
the thermal conductivity k .ele Thermal conductivity varies
directly with the following parameters: (i) carrier concentra-
tion, (ii) electrical conductivity and (iii) mobility of the car-
rier, i.e. k n.ele sm= The temperature-dependent electronic
thermal conductivity (κave) spectra for Tl2PbXY4 (X=Zr, Hf
and Y=S, Se) are shown in figure 6(c). From the overall
trend of the κave spectra, more heat transfers are observed
when moving toward higher temperatures, resulting in an

Figure 6. Calculated Seedback coefficient S (a), electrical conductivity σ (b), thermal conductivity κ (c) and figure of merit ZeT (d).
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increase in the thermal conductivity with increasing tem-
perature. The average electronic thermal conductivity (κave)
for Tl2PbHfS4 is nearly zero at 300 K, and a steep increase is
observed at 450 K. At 800 K, a maximum value of
6.31013Wm−1 K−1 for κave is observed. Similarly, for
Tl2PbHfSe4, Tl2PbZrS4 and Tl2PbZrSe4, a κave value of
1.01013Wm−1 K−1 is observed at 300 K, and this value then
increases rapidly above 400 K. The maximum peak values (at
800 K) of κave for Tl2PbHfSe4, Tl2PbZrS4 and Tl2PbZrSe4 are
1.091013, 1.161013 and 1.21013Wm−1 K−1, respectively.

The average electrical conductivity (σave) as a function of
temperature was calculated, as shown in figure 6(b). Our
calculated electrical conductivity for Tl2PbHfSe4 shows good
agreement with the experimental work [10]. A material with
greater electrical conductivity is a good thermoelectric device
because it minimizes the Joule heating effect. It is apparent
from figure 6(b) that σave increases with increasing tempera-
ture from 300 K to 800 K. For Tl2PbHfS4, the average elec-
trical conductivity is very small, nearly zero, at 300 K and
then begins to increase gradually above 300 K. Further
increasing the temperature above 450 K results in a steep
increase in σave. The value reaches a maximum at 800 K with
a peak value of 5.81017 (Ω.m.s)−1. For the remaining three
compounds, the average electrical conductivity starts with a
value above 5.61017 (Ω.m.s)–1 at 300 K and then increases
linearly with further increases in temperature. At 800 K, the
peak values of σave are 1.881018, 1.931018 and 1.971018 (Ω.
m.s)–1 for Tl2PbHfSe4, Tl2PbZrS4 and Tl2PbZrSe4, respec-
tively. The thermoelectric figure of merit (ZT) is plotted as a
function of temperature in figure 6(d). The figure of merit
(ZT) for Tl2PbHfS4 has a maximum value of 0.93 at 300 K
and then the value decreases with increasing temperature,
reaching a value of 0.85 at 800 K. For the Tl2PbHfSe4,
Tl2PbZrS4 and Tl2PbZrSe4 compounds, ZT starts with lower
values of 0.68, 0.71 and 0.66, respectively, at 300 K and
increases up to 420 K. Above 420 K, no considerable incre-
mental variations in ZT are noted with further increases in
temperature. At 800 K, the largest values of ZT for the
Tl2PbHfSe4, Tl2PbZrS4 and Tl2PbZrSe4 compounds are 0.70,
0.725 and 0.675, respectively. Because a material with ZT
equal to one is considered the most suitable for thermoelectric
device applications [1–5], Tl2PbHfS4 with ZT=0.93 is
considered a good candidate for thermoelectric devices.

4. Conclusions

The electronic structures of Tl2PbHfS4 Tl2PbHfSe4, Tl2PbZrS4
and Tl2PbZrSe4 have been studied using DFT. In this paper,
we used GGA+U and SOC to treat the exchange correlation
potential and to address the strongly correlated f-electrons. In
addition, we examined the thermoelectric properties of the
investigated compounds using the Boltzmann transport theory.
The presented chalcogenides exhibit indirect band gaps of
approximately 0.911, 0.659, 0.983 and 0.529 eV for Tl2PbHfS4
Tl2PbHfSe4, Tl2PbZrS4 and Tl2PbZrSe4, respectively. These
relatively low band gap values might lead us to consider them
to be potentially suitable for thermoelectric devices. The

calculated thermoelectric properties were then reported as
functions of temperature. At 800 K, the largest values for the
figure of merit for the Tl2PbHfSe4, Tl2PbZrS4 and Tl2PbZrSe4
compounds were found to be 0.70, 0.725 and 0.675, respec-
tively. One can conclude that Tl2PbHfS4 with ZT=0.93 is a
good candidate for thermoelectric devices. We completed this
investigation by reporting the optical properties where we
observed that the reflectivity for all investigated chalcogenides
was approximately 45%.

Acknowledgments

The first four authors were supported within the CENTEM
project, reg. no. CZ.1.05/2.1.00/03.0088, co-funded by the
ERDF as part of the Ministry of Education, Youth and
Sports OP RDI program and, in the follow-up sustainability
stage, supported through CENTEM PLUS (LO1402) with
financial support from the Ministry of Education, Youth and
Sports under the National Sustainability Programme I. Meta-
Centrum (LM2010005) and CERIT-SC (CZ.1.05/ 3.2.00/
08.0144) infrastructures. The authors RK and SBO acknowl-
edge support from the National Plan for Science, Technology
and Innovation under research project No. 11-NAN1465-02.

References

[1] Kleinke H 2010 J. Chem. Mater. 22 604–11
[2] Toberer E S, May A F and Snyder G 2010 J. Chem. Mater. 22

624–34
[3] Kanatzidis M G 2010 J. Chem. Mater. 22 648–59
[4] Rowe D M 2006 Thermoelectrics Handbook: Macro to Nano

(Boca Raton, FL: CRC Press)
[5] Kadel K, Kumari L, Li W Z, Huang J Y and Provencio P P

2011 Nanoscale Res. Lett. 6 57
[6] Zhang Q, Cao F, Liu W, Lukas K, Yu B, Chen S, Opeil C,

Broido D, Chen G and Ren Z 2012 J. Am. Chem. Soc. 134
10031–8

[7] Mrotzek A, Chung D Y, Hogan T and Kanatzidis M G 2000
J. Mater. Chem. 10 1667

[8] Khan W and Goumri-Said S 2015 RSC Adv. 5 9455–61
[9] Sankar C R, Assoud A and Kleinke H 2013 Inorg. Chem. 52

13869–74
[10] Kohn W and Sham L S 1965 Phys. Rev. A 140 1133
[11] Hohenberg P and Kohn W 1964 Phys. Rev. B 136 864
[12] Madsen G K H and Singh D J 2006 Comput. Phys. Commun.

67 175
[13] Blaha P, Schwarz K, Madsen G K H, Kvasnicka D and Luitz J

2001 WIEN2k, an Augmented Plane Wave Plus Local
Orbitals Program for Calculating Crystal Properties
(Vienna: Vienna University of Technology)

[14] Petukhov A G 2003 Phys. Rev. B 67 153106
[15] Ud Din H and Reshak A H 2014 Comput. Mater. Sci. 83

474–80
[16] Ali R, Murtaza G, Takagiwa Y, Khenata R, Uddin H,

Ullah H and Khan S A 2014 Chin. Phys. Lett. 31 047102
[17] Ud Din H, Azam S, Khan S A and Khenata R 2014 J. Alloys

Compd. 615 507–13
[18] Azam S and Reshak A H 2013 Int. J. Electrochem. Sci. 8

10359–75
[19] Snyder G J and Toberer E S 2008 Nat. Mater. 7 105
[20] Hochbaum A I, Chen R, Delgado R D, Liang W, Garnett E C,

Najarian N, Majumdar A and Yang P 2008 Nature
451 2008

9

Semicond. Sci. Technol. 30 (2015) 105018 S Azam et al

55 CHAPTER 6. REPRINTS OF SELECTED PUBLICATIONS



Transport properties of APdCu(Se2)(Se3) (A ¼ K and
Rb): new quaternary copper palladium
polyselenides

Sikander Azam*a and A. H. Reshakab

The electronic structure, effective mass, optical properties and electrical transport coefficients of

APdCu(Se2)(Se3) (where A ¼ K and Rb), a new quaternary copper palladium polyselenide, were

investigated using a density functional theory calculation within a generalized gradient approximation

(GGA) plus the Hubbard term (U) (GGA + U). The electronic band structure shows that the calculated

compounds have a direct band gap. From the partial density of states we found that, at an energy of

�5.0 eV: (1) the Pd-s state strongly hybridizes with the Se-p state; (2) near the Fermi level the Se-p state

hybridizes with the Cu-p state; and (3) at the lower conduction band the Pd-s state forms a strong

hybridization with the Cu-s state. The investigation of electronic charge density shows that the Pd–Se

and Cu–Se atoms form weak covalent bonds and have strong ionicity, whereas the K/Pd atoms exhibit

pure ionic bonding. We also calculated the dielectric function, refractive index, extinction coefficient,

absorption coefficient and reflectivity of the compounds. The calculated transport coefficients show the

anisotropic nature of the compounds, in agreement with their electronic states. The transport properties

reveal stronger carrier transport along the Cu-p/d and Pd-d orbitals, indicating that these orbitals are

mainly responsible for the electrical transport. The maximum power factor values of the KPdCu(Se2)(Se3)

(RbPdCu(Se2)(Se3)) compounds as a function of relaxation time reach 2.2 (1.8) � 1011, 4.4 (3.5) � 1011 and

1.3 (1.4) � 1011 within Pxx, Pyy and Pzz components, respectively.

1. Introduction

Chalcogenide compounds have a very diverse and interesting
structural chemistry and show useful physical and chemical
properties that may be applicable to modern technologies.1 The
synthesis of binary and ternary chalcogenides has been exten-
sively studied using high temperature solid state, intermediate
temperature ux, and low temperature solvothermal tech-
niques. However, comparatively little is known about quater-
nary chalcogenides, which may also demonstrate interesting
properties.2–5 The synthesis of novel quaternary chalcogenides
has recently become an active area of research in solid state
chemistry.2,4,5 Most known quaternary chalcogenides are made
using the molten alkali metal polychalcogenide ux technique,
although low temperature solvo(hydro)thermal reactions have
produced a limited number of quaternary chalcogenides.6

Pd-holding compounds have receivedmuch consideration as
a result of the catalytic functions of the metal and its capacity to
form polychalcogenide complexes in solution. Several ternary
Pd polychalcogenides have now been isolated and structurally

characterized. These include: (Ph4P)2[Pd(Se4)2], with distinct
[Pd(Se4)2]

2� anions in which each Pd2+ is coordinated by two
chelating (Se4)

2� ligands;7 {(CH3)N(CH2CH2)3N}2[Pd(Se6)2] and
(enH)2[Pd(Se5)2], which feature sheet-like, two-dimensional Pd
polyselenide anionic frameworks;8 Rb2[Pd(Se4)2]Se8, encom-
passing the sheet-like polyanion [Pd(Se4)2]

2� with intercalated
crown-like Se8 eight-membered rings;9 and K4[Pd(Se4)2]
[Pd(Se6)2] (¼ K2PdSe10) and Cs2[Pd(Se4)2] (¼ Cs2PdSe8) with
three-dimensional structures assembled from two inter-
penetrating [Pd(Sex)2]

2� structures (x¼ 4 and 6 for the K+ saline,
x ¼ 4 and 4 for the Cs+ salt).10,11

In the system A–M–M0–Q (A ¼ alkali steel, M ¼ assembly I
element, M0 ¼ assembly VIII steel, Q¼ chalcogen), only a few Fe
compounds with the crystal formula AMFeQ2 (A ¼ Li, Na, K, Cs;
M ¼ Cu, Ag; Q ¼ S, Se, Te) are known.12–16 In 2003, Chen et al.17

reported the groundwork, crystal organization, and optical and
thermal properties of two innovative mixtures: APdCu(Se2)(Se3)
(A ¼ K and Rb), which were the rst quaternary copper palla-
dium polychalcogenides obtained by solvothermal procedures
utilizing ethylenediamine (en) as the reaction medium. The
target of the present study was the evaluation of APdCu(Se2)(Se3)
(A ¼ K and Rb). We calculated the thermoelectric properties of
the compounds, which have not previously been reported.

This paper aims provide a systematic study of the electronic
band structure and optical and thermoelectric properties of
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APdCu(Se2)(Se3) (A ¼ K and Rb) using density functional theory
(DFT) + U calculations. The generalized gradient approximation
(GGA) + U exchange potential approximation was used to
calculate accurately the electronic band structure and optical
and thermoelectric properties of APdCu(Se2)(Se3) (A ¼ K and
Rb) as the DFT + U scheme for solids has been shown to give
better band gaps than semi-local DFT methods.18,19

The optical properties help us to obtain a deep insight into
the structure of APdCu(Se2)(Se3) (A ¼ K and Rb). The electrical
transport parameters (conductivity, Seebeck coefficient, power
factor) for the compound system were obtained theoretically
based on the DFT calculations and the rigid band approach.

We briey describe the computational method used in this
study and then present and discuss the most relevant results
obtained for the electronic, optical and thermoelectric proper-
ties of APdCu(Se2)(Se3) (A ¼ K and Rb).

2. Methodology

It was recently reported that the local density approximation
(LDA) and GGA schemes are insufficient to describe correctly
the electronic structure of transition metal oxides.20 The GGA +
U (where U is the Hubbard term) method was therefore applied
here to account for on-site correlation at the transition metal
sites. The GGA + U method, which accounts for an orbital
dependence of the Coulomb-exchange interaction, was used.
The crystal structure of the new quaternary copper palladium
polyselenides with monoclinic symmetry was determined by
Chen et al.17 The unit cell with the formula APdCu(Se2)(Se3) (A¼
K and Rb) was modeled for the pure phase property calculation
simulations, i.e. the electronic states and transport parameter
calculation. The unit cell crystal structures for both compounds
are illustrated in Fig. 1. Calculations with the full potential
linear augmented plane wave method based on DFT21,22 theory
were performed using the Wien2k package.23 The exchange and
correlation were computed within GGA + U.24

The ground state properties of the resulting optimized
structures were computed by performing self-consistent inter-
actions until the iterative convergence of energy and charge to
values of <10�5 Ry and <10�4 C, respectively. We calculated the
bond lengths and angles, which show good agreement with the
experimental data17 (Tables 1 and 2). We used the parameter
RMTKMAX ¼ 7 (where RMT is the smallest of the muffin-tin radii
and KMAX is the plane wave cutoff) to control the size of the basis
set for the wave functions. The electronic band structure, total
and partial density of states and the linear optical susceptibil-
ities were calculated using summation over 1000 k-points
within the IBZ. The Monkhorst–pack grid 11 � 10 � 8 was used
for k-point sampling in the electronic state calculation. The
high symmetry k-points in the Brillouin zone (BZ) within our
calculated band structure are Z / B / G / Y / G / Z. To
initiate the calculations, we used the experimental values for
lattice parameters from Chen et al.17 The atomic positions are
fully optimized by minimizing the forces acting on each atom.
The optical properties of matter can be described by the
dielectric function 3(u). In the limit of linear optics, neglecting
electron polarization effects and within the frame of random

phase approximation, the expression for the imaginary part
32(u) of the dielectric function is calculated from the
momentum matrix elements between the occupied and unoc-
cupied wave functions. The real part 31(u) of the dielectric
function is evaluated from the imaginary part 32(u) by the
Kramers–Kroning transformation. The other optical constants,
such as the reective index, extinction coefficient, reectivity
and energy-loss spectrum can be obtained from 31(u) and 32(u).

The electrical transport coefficients were calculated within the
framework of semi-classical Boltzmann theory and the rigid band
approach by analyzing the band structure from the DFT calcula-
tions.25,26 The transport distribution function to conductivity
within the rigid band approach is based on the following tensor:

sabð3Þ ¼ 1

N

X
i;k

sabði; kÞð3� 3i;kÞ (1)

where 1/N accounts for the normalization of the sum so it is the
integral in the limit where the number of grid points becomes
dense, 3i,k is the electron band energy for band i at the Brillouin
k point and sab(i, k) is the k-dependent conductivity tensor
expressed as

sab(i, k) ¼ e2si,kna(i, k)nb(i, k)s (2)

where the na(i, k), nb(i, k), s are the components of the band
velocities and the relaxation time, respectively. In the band
velocity expression, na(i, k) i denotes the bands, k denotes the

Fig. 1 Unit cell structures. (a) RbPdCu(Se2)(Se3) unit cell structure; and
(b) KPdCu(Se2)(Se3) unit cell structure.
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wave vector and a denotes the direction. The transport coeffi-
cients can then be determined by integrating the tensor within
eqn (1) as a function of temperature as:

sabðT ;mÞ ¼ 1

U

ð
sabð3Þ

�
� vfmðT ;EÞ

v3

�
d3 (3)

where f is the Fermi distribution function, T is absolute
temperature, m is the chemical potential, 3 is the energy andU is
the volume. In the rigid band approach, the bands and s(3) are
xed as only one band structure assessment is required.27 The
amount of carriers can be altered by varying the chemical
potential m. The thermal properties can be calculated from the
band structure results except for the relaxation time. Theoreti-
cally, the relaxation time period is correlated with the crystal
structure, temperature, doping content, microstructure and
texture of specic materials.28

In general, the value of se is determined by the ratio of the
carrier energy 3i,k and the attained vibrational energy of atoms.
The carrier power, 3i,k is dependent on the power catalogue i and
the wave vector k, and the attained vibrational power of atoms is
of the order of magnitude of KbT. Much analytical research is
needed to elucidate the scattering means and to determine the
approximate value of se for specic materials. Regardless of
this, the relaxation time se has been broadly measured as a
constant and the carrier scattering has been assumed to be

independent of the vector direction and temperature for the
approximation of the real scattering means for convenience of
calculation.29,30

Using the constant relaxation time approximation, the See-
beck coefficient can be determined by:

a ¼ � 1

eT

�
EF �

ðN
0

gðEÞseE2 df0ðEÞ
dE

�ðN
0

gðEÞseE df0ðEÞ
dE

�
(4)

where e, EF, g(E) and se are the electron charge, the Fermi level,
the density of state and the relaxation time, respectively.31 The
Fermi level (EF) and the density of state g(E) as a function of E
can be obtained from the calculated DFT results and the
relaxation time se is treated as roughly constant, therefore the
Seebeck coefficient as a function of temperature T can be
determined. The BoltzTraP program was used for the assess-
ment of the k-dependent conductivity tensor. The BoltzTraP
program relies on a smoothed Fourier interpolation to obtain
an analytical expression of the bands.32 The initial k mesh was
interpolated up to a mesh ve times denser than the original.

3. Results and discussion
3.1. Electronic structure

The GGA method is insufficient to describe systems in which
the d-electrons are well localized and in which the spin orbital

Table 1 Bond lengths in angstroms

KPdCu(Se2)(Se3) Optimized Experimental RbPdCu(Se2)(Se3) Optimized Experimental

Cu–Se4 2.3657 2.369(1) Pd–Se4 2.4760 2.454(2)
Cu–Se1 2.4571 2.467(2) Cu–Se4 2.3598 2.362(2)
Cu–Se3 2.3765 2.411(2) Cu–Se3 2.3748 2.411(4)
K–Se3 3.4387 3.458(4) Cu–Se1 2.4583 2.479(3)
Pd–Se1 2.4723 2.4515(9) Se1–Se2 2.3794 2.337(4)
Pd–Se4 2.4758 2.458(1) Se3–Se4 2.4441 2.383(2)
Se1–Se2 2.3851 2.338(2) Rb–Se2 3.4140 3.407(3)
K–Se4 3.4121 3.423(3) Rb–Se2 3.6681 3.420(3)
K–Se2 3.6625 3.6656(7) Rb–Se2 3.6681 3.6702(7)
K–Se2 3.3297 3.349(4) Rb–Se3 3.5010 3.524(4)
K–Se2 3.2941 3.299(3) Pd–Se1 2.4746 2.455(2)
Se3–Se4 2.4484 2.390(1) Rb–Se4 3.6209 3.525(3)
K–Se4 3.5072 3.541(3) Rb–Se4 3.5089 3.656(3)

Table 2 Bond angles in degrees

KPdCu(Se2)(Se3) Experimental Optimized RbPdCu(Se2)(Se3) Experimental Optimized

Se(1)–Pd–Se(4) 87.20(4) 87.22 Se(4)–Pd–Se(1) 87.55(7) 87.47
Se(1)–Pd–Se(4) 92.80(4) 92.78 Se(4)–Pd–Se(1) 92.45(7) 92.53
Se(1)–Pd–Se(1) 180 180 Se(1)–Pd–Se(1) 180 180
Se(4)–Pd–Se(4) 180 180 Se(4)–Pd–Se(4) 180 180
Se(3)–Cu–Se(1) 85.19(7) 85.48 Se(3)–Cu–Se(1) 84.6(1) 85.15
Se(4)–Cu–Se(4) 108.08(8) 106.77 Se(4)–Cu–Se(4) 107.8(1) 106.16
Se(4)–Cu–Se(1) 112.06(6) 111.11 Se(4)–Cu–Se(1) 114.2(1) 113.60
Se(4)–Cu–Se(3) 118.77(5) 120.15 Se(4)–Cu–Se(3) 117.4(1) 118.69
Se(4)–Se(3)–Se(4) 91.78(6) 90.26 Se(4)–Se(3)–Se(4) 92.8(1) 91.24
Se(3)–Se(4)–Pd 107.53(5) 106.20 Se(3)–Se(4)–Pd 107.74(9) 106.21
Se(2)–Se(1)–Pd 111.05(4) 109.65 Se(2)–Se(1)–Pd 110.73(8) 109.25
Pd–Se(1)–Pd 95.67(5) 94.60
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interactions cannot be neglected, particularly their electronic
properties. However, the GGA + U approach has been suggested
to describe these systems. In this approach, the Hubbard term
(U), which describes the d–d or f–f orbital interaction, is added
to the GGA energy. This method has proved to be effective for
describing strongly correlated systems.

We noticed that the band structures of the spin-up states
are similar to those of the spin-down states. The electronic
band structures of the monoclinic symmetry KPdCu(Se2)(Se3)
and RbPdCu(Se2)(Se3) compounds were calculated and the
calculated band structure proles using the GGA + U approach
are shown in Fig. 2. The electronic band dispersion curves are
shown in addition to some high symmetry directions of the BZ
for KPdCu(Se2)(Se3) and RbPdCu(Se2)(Se3) compounds. We
will only consider the consequences of EV-GGA due to its
improved band gap. The valence band maximum (VBM) and
the conduction band minimum (CBM) are positioned at the Y

point of BZ, resulting in a direct energy band gap of about
1.258/1.275 for KPdCu(Se2)(Se3)/RbPdCu(Se2)(Se3). The calcu-
lated electronic structure of KPdCu(Se2)(Se3) and RbPdCu(S-
e2)(Se3) veries that the investigated compounds are narrow
gap semiconductors. To determine the nature of the electronic
band structures, we calculated the total (TDOS) and partial
(PDOS) density of states (DOS) for both compounds. A study of
the DOS using the GGA + U approximation in both the spin-up
and spin-down states shows that there is no remarkable
difference between the two states (Fig. 3). Fig. 3 shows that
there are three distinct structures separated by gaps. The rst
structure encountered in the TDOS (starting from the lower
energies) consists entirely of K-p, Se-s and Rb-d states. These
peaks are centered at about �14.0 to �10.0 eV for both
compounds. The next structure, between �5.0 and 0.0 eV for
both compounds, consists of the Pd-s/p, Cd-p/d and Se-p
states. The conduction bands consist of Pd-s, Cu-s, Se-d, K-s

Fig. 2 Calculated band structures.
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and Rb-d states. From the PDOS, we also concluded that at an
energy of �5.0 eV, the Pd-s state forms a strong hybridization
with the Se-p state. Near the Fermi level, the Se-p state
hybridizes with the Cu-p state and at the low conduction band
the Pd-s state strongly hybridizes with the Cu-s state.

3.2. Electron charge density

To establish a quantitative estimation for the type of bonding
present in a particular molecule, it is necessary to have a
measure of the extent of charge transfer present in the molecule
relative to the charge distributions of the separated atoms. To

Fig. 3 Calculated total and partial densities of states (states per eV unit cell).
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calculate the type of bonding in both the investigated
compounds, we evaluated the atomic charge distributions using
the FPLAPW method based on the DFT. The electron density
contours give another approach to investigating the bonding
interactions in solid materials and the changes in bonding
which consequently lead to changes in the DOS.

The valence electronic charge density spectra are shown in
Fig. 4 along the (110) crystallographic plane to help to under-
stand the distribution of the total electronic charge density
maps of the KPdCu(Se2)(Se3) and KPdCu(Se2)(Se3) compounds.
The crystallographic planes show that there is both ionic and
partial covalent bonding between the K, Rb, Pd, Cu and Se
atoms depending on the Pauling electronegativity difference,
i.e. the higher the associated electronegativity number, the
more an element or compound attracts electrons towards it.
The electronegativity of the K atom is (0.82), and the values for
the other atoms are: Rb (0.79), Pd (2.20), Cu (1.90) and Se (2.55).
The atoms Pd–Se and Cu–Se form weak covalent bonds and
have strong ionicity, while the K/Pd atoms show pure ionic
bonding. From these contour plots it can be seen that most of
the Pd and Cu electronic charge is transferred to the Se atom.
This can easily be seen by the color charge density scale, where
blue (+1.0000) corresponds to the maximum charge accumu-
lating site. The charge density along Pd and Se is pronounced. It
is clear that when we replace K by Rb, the charge density
decreases. As is clear from Fig. 4a, the charge density around Rb
and Se is greater in KPdCu(Se2)(Se3) than in RbPdCu(Se2)(Se3).

3.3. Effective mass

We calculated the effective mass of electrons (m*
e) from the

electronic band structure. As we were interested in the energy
bands around the Fermi level (EF), we enlarged the band
structure near EF to show the bands which govern the energy
band gap, i.e. the CBM and VBM. The values for the effective
mass of electrons (m*

e) were anticipated from the curvature of

the conduction band minimum, band 125 for KPdCu(Se2)(Se3)
and band 135 for RbPdCu(Se2)(Se3); these bands are highlighted
in different colors (Fig. 2e and f). The diagonal elements of the
effective mass tensor, me, for the electrons in the conduction
band are calculated in the G / G direction in k space using the
following well-known relation:

1

m*
e

¼ 1v2EðkÞ
ħ2vk2

(5)

The effective mass of the electron is determined by tting the
electronic band structure to a parabolic function [eqn (5)] in the
rst BZ using the GGA + U approach. The effective mass of the
electron for the (symmetry) is obtained from the curvature of
the conduction band at the point G–G. The calculated effective
mass ratios of the electron (m*

e/me) for KPdCu(Se2)(Se3) and
RbPdCu(Se2)(Se3) in the G/ G direction are 0.0332 and 0.0225,
respectively. The calculated value for KPdCu(Se2)(Se3) is larger
than that for RbPdCu(Se2)(Se3). This is attributed to the fact that
the parabolic curvature of RbPdCu(Se2)(Se3) is greater than that
of KPdCu(Se2)(Se3) because the effective electron mass is
inversely proportional to the curvature. We also calculated the
effective mass of the heavy holes (the maximum valence band)
and the light holes (the second maximum valence band) for
KPdCu(Se2)(Se3) and RbPdCu(Se2)(Se3) from bands (134 and
133) and (124 and 123), respectively. The calculated values of
the heavy holes and light holes for KPdCu(Se2)(Se3) are 0.1350
and 0.1858 and for RbPdCu(Se2)(Se3) 0.0202 and 0.0198,
respectively.

3.4. Optical properties

The optical response functions of solids are oen described by
the complex dielectric function 3(u) ¼ 31(u) + i32(u) or by the
complex refractive index N(u) ¼ n(u) + ik(u).

31(u) ¼ n2 � k2 (6)

32(u) ¼ 2nk (7)

In determining the interaction between light and a solid,
an adiabatic approximation and single-electron approxima-
tion are generally used. As the transition frequencies both
within-band and between bands are much larger than the
phonon frequency in the calculation of electronic structure
and the method used is a single-electron approximation,
phonon participation in the indirect transition process can be
ignored and only electronic excitation considered. According
to the denitions of the direct transition probabilities and the
Kramers–Kronig dispersion relations, the imaginary and the
real parts of the dielectric function, absorption coefficient,
reectivity and complex optical conductivity33–35 can be
deduced using:

32ðuÞ� ¼ pe2

30m2u2

X
V;C

8<
:

ð
BZ

2dk

ð2pÞ2
��a�MV;C

��2d½ECðkÞ�EVðkÞ�ħu�
9=
;

(8)
Fig. 4 Electronic charge density contours.
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31ðuÞ ¼ 1þ 2e

30m2
� 3V;C

ð
BZ

2dk

ð2pÞ2
��a�MV;CðkÞ

��2
ECðkÞ � EVðkÞ=ħ

� 1

½ECðkÞ � EVðkÞ�2
.
ħ2 � u2

(9)

aðuÞ ¼ 2ku

c
¼ 2pk

l0
(10)

RðuÞ ¼ ðn� 1Þ2 þ k2

ðnþ 1Þ2 þ k2
(11)

where n is the refractive index, k is the extinction coefficient, 30
is the vacuum dielectric constant, l0 is the wavelength of light in
a vacuum, C and V are the conduction band and valence band,
respectively, BZ is the rst Brillouin zone, K is the electron wave
vector, a is the unit direction vector of the vector potential A,
MVC is the transition matrix element, u is the angular frequency
and EC(u) and EV(u) are the intrinsic energy levels of the
conduction band and valence band, respectively.

An understanding of the electronic structures can be reached
by investigating the optical spectra, which not only give infor-
mation about the occupied and unoccupied states, but also
about the features of the bands. Thus we investigated the
optical properties of the KPdCu(Se2)(Se3) and RbPdCu(Se2)(Se3)
compounds. The dielectric function connects the microscopic
physical transitions between bands with the electronic struc-
tures of a solid, reecting the band structure of the solid and
providing information about its spectrum. In using KPdCu(S-
e2)(Se3) and RbPdCu(Se2)(Se3) as semiconductor materials, their
spectra are generated by electronic transitions between energy
levels and all the dielectric peaks can be explained using the
calculated energy band structure and DOS. Fig. 5a and b show
the spectra of the real and imaginary parts of the complex
dielectric function versus the photon energy. As is clear from the
above-mentioned calculation, there is no remarkable difference
in the electronic structure of the spin-up and spin-down states,
so the optical properties are discussed here using only the spin-
up state. Our analysis of the 32(u) spectrum (Fig. 5a) shows that
the rst critical point of the dielectric function occurs at 0.30 eV.
This point is Yv � Yc, which gives the threshold for the optical
transitions between the VBM and the CBM. This is known as the
fundamental absorption edge. Beyond this threshold energy
(the rst critical point), the curve increases rapidly. This is
because the number of points contributing towards 32(u)
increases abruptly. As the investigated compounds have a
monoclinic symmetry, only three tensor components are
needed to describe all the optical properties. These are: 3xx2 (u),
3yy2 (u) and 3zz2 (u). The main peak of the 3xx2 (u), 3yy2 (u) and 3zz2 (u)
spectrum is at about 2.0 eV; there are also a second pronounced
peak and three humps (Fig. 5a and b).

The real part of 31(u) can be obtained using the Kramers–
Kronig transformation. The results for the dispersive part of the
dielectric function, 31(u) for these compounds are shown in
Fig. 5c and d. The main features in this spectrum are the peak
around 1.8 eV, the rather steep decrease below 9.0 eV, aer

which 31(u) becomes negative, and the minimum followed by a
slow increase towards zero at high energies. In the energy range
in which 31(u) is negative, the electromagnetic wave is not

Fig. 5 Calculated imaginary 32(u) and real 31(u) parts of the dielectric
tensor.
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propagated. For the real dielectric function, the most important
quantity is the zero frequency limit 31(0), as this gives the static
dielectric constant in the zero frequency limits, which has
values of 6.168 (5.908), 6.240 (5.994) and 6.149 (5.718) for 3xx1 (0),
3yy1 (0) and 3zz1 (0) for KPdCu(Se2)(Se3) and (RbPdCu(Se2)(Se3)),
respectively.

Fig. 6a–h show the energy loss function L(u), reectivity R(u),
refractivity n(u) and absorption coefficient I(u). The complex
refractive index [ñ(u) ¼ n(u) + ik(u)] portrays the refraction and
also the absorption of the compounds. It contains two parts: the
real part, n(u), is the refractive index second-order tensor,
whereas the other part, k(u), is the extinction tensor, which
represents the loss of photon energy during propagation
through the optical medium. The premeditated refractive
indices for KPdCu(Se2)(Se3) and RbPdCu(Se2)(Se3) are illus-
trated in Fig. 6a and b. The calculated non-zero tensor compo-
nents of the static refractive index nxx(0), nyy(0) and nzz(0) are
2.483, 2.498 and 2.479 for KPdCu(Se2)(Se3) and 2.430, 2.448 and
2.391 for KPdCu(Se2)(Se3), respectively. According to Penn's
model,36 31(0) relates to the band gap of the material and 31(0) is
directly related to n(0) by the relation nðuÞ ¼ ffiffiffiffiffiffiffiffiffiffiffi

31ð0Þ
p

. They are
improved beyond the zero frequency limits, reaching their
maximum values. Aer the maximum values they start to
decrease and, with few oscillations, are greater than unity. In
this region (n < 1) the phase velocity of the photons enhances,
approaching the universal constant (C). In contrast, the group
velocity is always less than C and, as a consequence, the rela-
tivity relations are not affected.37 The spectrum moves towards
lower energy when the cations are changed from K to Rb. This is
in agreement with the decrease in the band gap. The absorption
spectra of KPdCu(Se2)(Se3) and RbPdCu(Se2)(Se3) (Fig. 6c and d)
shows that both these materials absorb radiation at 2.0 eV. The
absorption spectra show an uppermost value of 13.6 eV, anal-
ogous to the minimum values of 31(u) and 32(u) shown in
Fig. 5a–d.

The frequency dependent reectivities Rxx(u), Ryy(u) and
Rzz(u) were calculated and are shown in Fig. 6e and f. The
reectivity spectra of the compounds originates from the zero
energy which characterizes the static part of the reectivity
components Rzz(0), Ryy(0) and Rxx(0). These values are equal to
0.173, 0.176 and 0.168 for KPdCu(Se2)(Se3) and 0.181, 0.183 and
0.180 for RbPdCu(Se2)(Se3). The energy loss function Lxx(u),
Lyy(u) and Lzz(u), as illustrated in Fig. 6g and h, is a key
component in the evaluation of the usefulness of energy of the
material due to very fast electrons. The sharp spectral peaks
produced in Lxx(u), Lyy(u) and Lzz(u) around 11.8 eV for
KPdCu(Se2)(Se3) and at 12.0 eV for RbPdCu(Se2)(Se3) are due to
the occurrence of plasmon excitations.38 It is observed that the
relative maximum in the energy loss function occurs with a
good approximation at energies where the dielectric function
31(u) crosses the zero.

3.5. Thermal properties

The main aim of this work was to determine the thermoelectric
properties of APdCu(Se2)(Se3) (A¼ K and Rb) and their variation
with temperature. It is essential to guesstimate the effective

masses of the carriers in different electron and hole pockets to
achieve this. We calculated the effective mass (electron, heavy
hole and light hole) ratio of the carriers at the conduction and
valence band edges by tting the energy of the respective bands
to a quadratic polynomial in the reciprocal lattice vector ~k as
discussed earlier. It is apparent that the bands are less disper-
sive in the KPdCu(Se2)(Se3) structure in almost all the high
symmetry directions. This is why we aimed for a large effective
mass to obtain a high thermo-power. The existence of high
mobility carriers is essential in attaining a higher electrical
conductivity. Thus there is an opportunity to gain a large gure
of merit (ZT) factor in these compounds by having multiple
pockets of carriers with both large and small effective masses,
with the former leading to a large Seebeck coefficient (S) and the
latter improving s(s).39,40 It is encouraging to note that the
electronic structure of the investigated compounds shows the
existence of multiple carrier pockets with signicantly dissim-
ilar effective masses, thereby signifying that they may have good
thermoelectric properties.

For the conductivity coefficient calculation, the relaxation
time term s should be treated as a constant. Fig. 7a and b show
the calculated temperature-dependent electrical conductivities
for the studied compounds as a function of the relaxation time,
s(s), within the temperature range 300–800 K, which is given as
the sxx, syy and szz components. It was found that the conduc-
tivity as a function of relaxation time is anisotropic. Assuming
that the relaxation time s is direction-independent, the values of
the sxx and szz components at 800 K are smaller than the value
of the syy component.

The sxx, syy and szz values increase rapidly with increasing
temperature, conrming the semiconductor-like trans-
portation and temperature-sensitive conduction; this is in
good agreement with the calculated electronic band structure.
The anisotropic nature should be enhanced at higher
temperatures, as shown in Fig. 7a and b. Although there is
anisotropy in sxx, syy and szz at 300 K, this anisotropy is much
greater at higher temperatures. The maximum conductivity
values as a function of relaxation time reach 6 � 1018 U�1 m�1

s�1, 1.72 � 1018 U�1 m�1 s�1 and 4.8 � 1018 U�1 m�1 s�1

within the sxx, syy and szz components, respectively, for
KPdCu(Se2)(Se3). In the KPdCu(Se2)(Se3) compound the sxx

and szz components show weak anisotropy with increasing
temperature up to 550 K; the anisotropy then increases with
increasing temperature. The anisotropy between the sxx and
szz components is comparatively much smaller than that of sxx

and szz with the syy component. As K is replaced by Rb, the
conductivity in both compounds increases with increasing
temperature. In RbPdCu(Se2)(Se3) there is isotropy between
the sxx and szz components over the whole temperature range,
although the sxx and szz components show considerable
anisotropy with the syy component. The maximum conduc-
tivity values for RbPdCu(Se2)(Se3) as a function of relaxation
time reach 0.5 � 1018 U�1 m�1 s�1 for the sxx and szz compo-
nents and about 6.85 � 1018 U�1 m�1 s�1 for the syy compo-
nent. From the conductivity spectra of both compounds we
concluded that KPdCu(Se2)(Se3) shows a greater increase in
conductivity than KPdCu(Se2)(Se3).

This journal is © The Royal Society of Chemistry 2014 RSC Adv., 2014, 4, 20102–20113 | 20109
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Fig. 7c and d present the calculated temperature-dependent
Seebeck coefficients, denoted as the Sxx, Syy and Szz compo-
nents, for the APdCu(Se2)(Se3) (A¼ K and Rb) compounds in the

temperature range 300–800 K. It was found that the Seebeck
coefficient as a function of temperature is also anisotropic; the
Sxx, Syy and Szz components show reverse behaviors with respect

Fig. 6 Calculated refractivity n(u), absorption coefficient I(u), reflectivity R(u) and energy-loss function spectrum L(u).
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to the conductivity as a function of temperature. For example,
the S value within ‘Syy’ component is larger than that within the
Sxx and Szz components and the anisotropic nature remains the

same in the higher temperature region. The values of the Sxx, Syy

and Szz components show positive temperature dependence. It
was also observed that the values of Sxx, Syy and Szz tends to be

Fig. 7 Calculated thermoelectric properties: electrical conductivity, Seebeck coefficients and power factor.

This journal is © The Royal Society of Chemistry 2014 RSC Adv., 2014, 4, 20102–20113 | 20111

Paper RSC Advances

Pu
bl

is
he

d 
on

 0
2 

M
ay

 2
01

4.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
St

 A
nd

re
w

s 
L

ib
ra

ry
 o

n 
24

/0
6/

20
14

 1
0:

49
:3

0.
 

View Article Online

65 CHAPTER 6. REPRINTS OF SELECTED PUBLICATIONS



completely saturated in the high temperature region, reaching
1.83 (2.16) � 10�4, 1.57 (1.97) � 10�4 and 1.55 (1.59) � 10�4

for the Sxx, Syy and Szz components, respectively, for KPdCu-
(Se2)(Se3) and (RbPdCu(Se2)(Se3)) at 800 K. From a consideration
of the conductivity dependence as a function of temperature,
the electrical performance should be enhanced with increasing
temperature.

As we replace K by Rb, the decrease in the Seebeck coefficient
for both compounds is the same with increasing temperature.
The three components show considerable anisotropy with
increasing temperature in both compounds. If we look at the
spectra, with increasing temperature the Sxx, Syy and Szz

components decrease, but the Sxx component shows a different
behavior to the Syy and Szz components. The Sxx component
decreases to 600 K, is at equilibrium at 650 K, and then starts to
increase with increasing temperature. At low temperatures,
RbPdCu(Se2)(Se3) has a larger Seebeck coefficient than
KPdCu(Se2)(Se3).

Fig. 7e and f show the calculated temperature-dependent
power factor (PF) as a function of relaxation time in the
temperature interval 300–800 K, denoted as Pxx, Pyy and Pzz. The
PF value within the Pxx and Pzz components at 800 K is smaller
than the value of the Pyy component, assuming that the relax-
ation time s is independent of direction. The PF values increase
rapidly with increasing temperature, conrming that the elec-
trical performance is sensitive to temperature. The anisotropic
nature is enhanced at higher temperatures (Fig. 7e and f). In
KPdCu(Se2)(Se3) the Pxx and Pzz components show weak
anisotropy at low temperatures, but the anisotropy increases
with increasing temperature; the anisotropy between these two
components is comparatively very much smaller than that along
the Pyy component. In contrast, in RbPdCu(Se2)(Se3) the P

xx and
Pzz components show isotropy up to 550 K, which increases with
increasing temperature; both the Pxx and Pzz components show
considerable anisotropy with the Pyy component. We emphasize
that KPdCu(Se2)(Se3) shows a greater PF value than KPdCu-
(Se2)(Se3). The maximum PF values as a function of relaxation
time are 4.3 (3.5) � 1011, 2.0 (1.57) � 1011 and 1.2 (1.5) � 1011 W
m�1 K�2 s�1 for the Pxx, Pyy and Pzz components, respectively, for
KPdCu(Se2)(Se3) and RbPdCu(Se2)(Se3). From the analysis of
both compounds, we concluded that they both possess good
thermoelectric properties at high temperatures, but that
KPdCu(Se2)(Se3) shows much better thermoelectric behavior
than RbPdCu(Se2)(Se3); this is attributed to the fact that at
higher temperatures KPdCu(Se2)(Se3) shows a better PF value
than RbPdCu(Se2)(Se3).

4. Conclusions

In summary, the electronic band structure, optical properties
and electrical transport coefficients of APdCu(Se2)(Se3) (A ¼ K
and Rb), a new quaternary copper palladium polyselenide, were
studied. From this study of the electronic band structure, we
concluded that the valence band maximum and conduction
band minimum are positioned at the Y point, resulting in a
direct energy band gap of about 1.258/1.275 eV. From the PDOS
we also concluded that at an energy of �5.0 eV, the Pd-s state

strongly hybridizes with the Se-p state. Near the Fermi level, the
Se-p state hybridizes with the Cu-p state, and at the low
conduction band the Pd-s state forms a strong hybridization
with the Cu-s state. We have also calculated the electronic
charge density in the (010) plane. It can be seen that the Pd–Se
and Cu–Se atoms form weak covalent bonds and strong ionicity,
whereas the K/Pd atoms show pure ionic bonding. We have also
calculated the effective mass ratio of the electrons, heavy holes
and light holes. The calculated effective mass ratio for the
electron, heavy holes and light holes for KPdCu(Se2)(Se3)/
(RbPdCu(Se2)(Se3)) are 0.0332/(0.0225), 0.1350/(0.0202) and
0.1858/(0.0198), respectively. The real and imaginary parts of
the dielectric function and hence the optical constants, such as
the refractive index and extinction coefficient, were calculated
and discussed in detail. From the absorption spectrum we
concluded that both KPdCu(Se2)(Se3) and RbPdCu(Se2)(Se3)
begin to absorb radiation at around 1.8–2.0 eV. The absorption
spectra show an uppermost value at 13.6 eV, analogous to the
minimum value of 31(u) and 32(u). The Seebeck coefficient,
together with the conductivity and the PF as a function of
relaxation time were calculated systematically. The calculated
conductivity and Seebeck coefficient conrm the anisotropic
nature and the semiconductor transport behavior of the
compounds. The calculated PF as a function of relaxation time
increases rapidly with increasing temperature. The maximum
PF values as a function of relaxation time reach 4.3 (3.5) � 1011,
2.0 (1.57) � 1011 and 1.2 (1.5) � 1011 W m�1 K�2 s�1 for the Pxx,
Pyy and Pzz components, respectively, for KPdCu(Se2)(Se3) and
RbPdCu(Se2)(Se3) at 800 K. The present calculation of the
thermoelectrical behavior of APdCu(Se2)(Se3) (A ¼ K and Rb) for
the PF suggests that both compounds show good thermoelectric
properties at high temperatures.
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a b s t r a c t

First principle calculations of electronic, Fermi surface, electronic charge density and optical properties of
Quaternary Uranium Chalcogenides Rb2Pd3UM6 (M = S, Se) are performed using full potential linear aug-
mented plane wave (FP-LAPW) method within the frame work of density functional theory. Using mBJ
method, the electronic band curves overlap at Fermi level and show metallic band structure for both com-
pounds. The calculated densities of states (DOS) spectra show that the valence band is mainly attributed
to Rb-p, Pd-d and S-s/p or Se-s/p states; conduction band is mainly attributed to Pd-d, U-f and S-p or Se-p/d
states. From the electronic charge density spectrum, it is revealed that a strong covalent bond exists
between Pd and S, and Pd or Se while charge transfer between U and S, U and Se, Rb and S, and Rb
and Se atoms results in ionic bond nature. It is noted from Fermi surface calculations that both com-
pounds comprise same number of fast velocity electrons but differs in slow or intermediate velocity of
electrons. The calculated frequency dependent dielectric function, energy loss function and reflectivity
show a considerable anisotropy for both compounds.

� 2014 Elsevier B.V. All rights reserved.

1. Introduction

Recently Quaternary Uranium Chalcogenides compounds like
Rb2Pd3UM6 (M = S, Se) containing both a transition and an actinide
metal have been studied due to their important magnetic
properties, U–U interatomic distances dependence and Uranium
coordination environment [1]. The U–U interatomic distances
affect whether long-range magnetic ordering occurs, whereas the
crystalline electric field effect is produced by the coordination
number [2]. Moreover, the interaction between f-orbital electrons
of Uranium (U) and the valence orbitals of the Palladium (Pd) com-
plicates the magnetic behavior and results in orbital overlapping as
in proximity in intermetallic compounds. An anion such as Sulfur
(S) or Selenium (Se) can be incorporated to make these magnetic
atoms far apart and reduces the orbital overlapping. Additionally,
the oxidation states are assigned to the atoms and the atoms adopt
characteristic coordination environments that are not present in
intermetallic compounds. Rb2Pd3US6 shows unusual low magnetic
moment to crystalline electric field effect and noticeable magnetic

anisotropy. These quaternary compounds crystallize in orthorhom-
bic structure with space group of Fmmm and have eight formula
units in the NaBa2Cu3O6 structure type. Pd atoms occupy the
square-planar coordination environment. A hexagonal prism
structure can be formed by six edge-sharing square-planar PdM6

(M = S, Se) units and also the edges shared with trigonal-prismatic
UM6 units, forming layers along (010). Rb atoms separate these
layers. The Rb1 atom occurs in a square antiprism while Rb2 atom
is ten coordinate with one hexagonal face and the opposite face
square [1].

To the best of our knowledge, neither experimental nor theoret-
ical data related electronic structure, Fermi surface, electronic
charge density and optical properties of Rb2Pd3UM6 (M = S, Se)
compounds are available. Thus, we think worthwhile to perform
these calculations, using the full potential linear augmented plane
wave (FP-LAPW) method.

The rest of the paper is as follows, Section 2 deals with the brief
description of the computational detail of this study. The most rel-
evant results obtained for the electronic band structure, density of
states (DOS), electronic charge density, Fermi surface and optical
properties of Rb2Pd3UM6 (M = S, Se) compounds have been pre-
sented and discussed in detail in Section 3. Finally, in Section 4
we summarize the main conclusions of our work.

http://dx.doi.org/10.1016/j.jallcom.2014.06.180
0925-8388/� 2014 Elsevier B.V. All rights reserved.
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2. Method of calculation

As Rb2Pd3UM6 (M = S, Se) compounds have been reported in the Fmmm space
group of the orthorhombic system with crystal structure as shown in Fig. 1a and b.
The experimental lattice constants recently reported by Oh George et
al. [1]; a = 9.7462(2) Å, b = 14.3306(2) Å, c = 16.8572(3) Å for Rb2Pd3US6 and
a = 10.0525(3) Å, b = 14.8432(5) Å, c = 17.4127(5) Å for Rb2Pd3USe6, are used in our
calculation. The present optimized atomic positions and optimized interatomic
distances (Å) for Rb2Pd3UM6 (M = S, Se) compounds are in good agreement with
available experimental data [1] as given in Tables 1 and 2, respectively. We have
performed these calculations using full potential linear augmented plane wave
(FP-LAPW) method within the support of density functional theory (DFT) [3,4] as
implemented in WIEN2 K code [5]. Achievement of DFT is to use different approxi-
mations like local density approximation (LDA), generalized gradient approximation
(GGA), Engel-Vosko generalized gradient approximation (EV-GGA) and modified
Becke-Johnson (mBJ), to treat the exchange correlation [6–9]. As the DFT within both
LDA and GGA is known to usually underestimates the band gap value, hence the
modified Becke Johnson (mBJ) is used to remove this discrepancy and to obtain a reli-
able electronic and optical properties for Rb2Pd3UM6 (M = S, Se) compounds. It has
been observed that mBJ produces band gap values closer to the experimental data
compared to those obtained with LDA, GGA or EV-GGA [9–16].

In the interstitial region, the wave function was expanded in plane wave with
cut-off, RMTKmax = 7.0 whereas, it was expanded up to lmax = 10 in the sphere. The
RMT values were chosen as 2.0 atomic units (a.u.) for all (Rb, Pd, U, S and Se) atoms.
A mesh of 10 � 10 � 10 k-points was used in the irreducible Brillouin zone integra-
tion. Also, the Fourier expansion of charge density was taken to be Gmax = 12
(a.u.)�1. The self consistency was used to check the electronic structure, Fermi
surface, electronic charge density and optical properties convergence in the self
consistence field.

3. Results and discussions

3.1. Band structure, density of states (DOS) and electronic charge
density

The electronic properties such as band structure and density of
states (DOS) of Rb2Pd3UM6 (M = S, Se) compounds are calculated
using mBJ. The calculated band structure for Rb2Pd3US6 and
Rb2Pd3USe6 are shown in Fig. 2a and b, respectively. It is noted
there is no energy gap among the bands around the Fermi level.
At the Fermi level valence and conduction bands overlap signifi-
cantly, as a result, both Rb2Pd3US6 and Rb2Pd3USe6 exhibit a metal-
lic character.

The total and partial density of states (TDOS and PDOS) for
Rb2Pd3UM6 (M = S, Se) compounds are also calculated and dis-
played in Fig. 3a–c. It is clear from the densities of states spectra
that the valence band (VB) below the Fermi level consists of three
regions. For both compounds, the lower part of valence band
situated between �14.0 eV and �12.0 eV is mainly contributed
by S-s or Se-s orbitals with small contribution of Pd-s/p and U-s/p
and Rb-s orbitals, while the second lower region from �11.8 eV
to �10.5 eV is dominated by Rb-p orbital. The third region of
valence band from �6.0 eV to �1.0 eV is attributed to Pd-d state
with small contribution of S-p state. The conduction band (CB) in
these compounds originates from Pd-d, U-f and S-p or Se-p states
with a small contribution of Rb-s, Pd-p and U-d orbital electrons.
Therefore, VB is mainly attributed to Rb-p, Pd-d and S-s/p or
Se-s/p states; CB is mainly attributed to Pd-d, U-f and S-p or
Se-p/d states and there exist a strong hybridization between
Pd-d, U-f and S-p or Se-p/d orbitals.

Electronic charge density is used to provide information about
the bond nature among different atoms. The electron charge den-
sity plots for Rb2Pd3UM6 (M = S, Se) compounds in 2D (101) plane
have been calculated using mBJ and displayed in Fig. 4. As large dif-
ference in electronegativity (EN) is responsible for charge transfer
among different atoms resulting ionic bond nature. Small electro-
negativity difference (EN) results in charge sharing and responsible
for covalent bond nature. Electronegativity values for Rb, Pd, U, S
and Se are 0.82, 2.20, 1.38, 2.58 and 2.55, respectively. Small
DEN values show strong covalent bond nature of Pd with S or Se
while large electronegativity difference between U and S, U and
Se, Rb and S, and Rb and Se result in ionic bond nature. Different
colors in color charge density scale correspond to different charge
concentration areas. The blue color represents maximum charge
transfer. From the electron charge density contours it can be noted
that maximum charge sharing between Pd and M = S, Se is seen
and hence, confirms the covalent bond nature.

3.2. Fermi surface

The electronic structure of metallic materials can be well
described by the electronic states which cross the Fermi level
and form the Fermi surface (FS) structure. Energy distribution
curves (EDC) for k-points of the Brillouin zone is used convention-
ally to determine the Fermi surface and the k-locations (i.e. the
bands crossing the Fermi energy). Electrons closest to the Fermi
level play a vital role for conductivity of a material. Hence, it is easy
to understand the electronic structure of any metallic materialFig. 1. Crystal structure of Rb2Pd3US6 (a) and Rb2Pd3USe6 (b).

508 H. Ud Din et al. / Journal of Alloys and Compounds 615 (2014) 507–513

69 CHAPTER 6. REPRINTS OF SELECTED PUBLICATIONS



from the Fermi surface. We have performed the FS calculations of
Rb2Pd3UM6 (M = S, Se) compounds using FP-LAPW method as dis-
played in Fig. 5a and b. It can be observed from this figure that the
FS for Rb2Pd3UM6 (M = S, Se) compounds is made up of one band
and consists of a number of empty and shaded areas. The empty

and shaded areas contain holes and electrons respectively, show
a considerable difference between the FS of these compounds.
One can see that Rb2Pd3US6 have large number of holes and less
number electrons while Rb2Pd3USe6 contains less holes and large
number of electrons. Additionally, different color seen in the FS,
result from the change in velocity of electrons. Violet and red col-
ors represent slow and fast velocity of electrons whereas, the rest
of colors show intermediate velocity of electrons. From FS, it is
noted that both compounds comprising same number of fast veloc-
ity electrons but differs in slow or intermediate velocity of
electrons.

3.3. Optical properties

The optoelectronic properties of solid materials are very useful
for various applications in sciences and engineering [17]. We have
calculated the optical properties of Rb2Pd3UM6 (M = S, Se) com-
pounds using mBJ as shown in Fig. 6a–d. Neither theoretical nor
experimental literature has been found regarding the optical prop-
erties of these compounds. The frequency dependent dielectric
function and the band structure calculations can be established
from energy eigenvalues and electron wave functions. As the

Table 1
Comparison between experimental and optimized atomic positions for Rb2Pd3UM6 (M = S, Se) compounds.

Atom Exp. X Opt. X Exp. Y Opt. Y Exp. Z Opt. Z

Rb2Pd3US6

U1 0.0000 0.0000 0.0000 0.0000 0.167539(9) 0.16786
Pd1 0.33937(2) 0.33741 0.0000 0.0000 0.157018(15) 0.15805
Pd2 0.17687(3) 0.17446 0.0000 0.0000 0.0000 0 0.0000
Rb1 0.2500 0.2500 0.2500 0.2500 0.2500 0.2500
Rb2 0.0000 0.0000 0.29578(4) 0.29962 0.0000 0.0000
S1 0.19234(6) 0.18171 0.11234(4) 0.11247 0.10041(3) 0.10299
S2 0.0000 0.0000 0.11126(5) 0.11049 0.30034(5) 0.29375

Rb2Pd3USe6

U1 0.0000 0.0000 0.0000 0.0000 0.167775(18) 0.16837
Pd1 0.33737(4) 0.33448 0.0000 0.0000 0.15796(3) 0.15904
Pd2 0.17316(6) 0.16960 0.0000 0.0000 0.0000 0.0000
Rb1 0.2500 0.2500 0.2500 0.2500 0.2500 0.2500
Rb2 0.0000 0.0000 0.30444(6) 0.30898 0.0000 0.0000
Se1 0.19155(4) 0.18091 0.11523(3) 0.11638 0.09999(3) 0.10236
Se2 0.0000 0.0000 0.11362(4) 0.11392 0.30084(4) 0.29520

Table 2
Comparison between experimental and optimized interatomic distances (Å) for
Rb2Pd3UM6 (M = S, Se) compounds.

Rb2Pd3US6

Atoms U1�S1 U1�S2 Pd1�S1�2 Pd1�S2�2 Pd2�S1�4
Exp. 2.7178(6) 2.7483(8) 2.3473(6) 2.3571(6) 2.3408(6)
Opt. 2.633 2.648 2.400 2.383 2.370

Atoms Rb1�S1�4 Rb1�S2�4 Rb2�S2�2 Rb2�S1�4 Rb2�S1�4
Exp. 3.2506(6) 3.2573(5) 3.6198(8) 3.6455(7) 3.6864(6)
Opt. 3.235 3.237 3.708 3.653 3.771

Rb2Pd3USe6

Atoms U1�Se1 U1�Se2 Pd1�Se1�2 Pd1�Se2�2 Pd2�Se1�4
Exp. 2.8331(5) 2.8659(7) 2.4684(5) 2.4560(5) 2.4477(4)
Opt. 2.595 2.782 2.518 2.503 2.485

Atoms Rb1�Se1�4 Rb1�Se2�4 Rb2�Se2�2 Rb2�Se1�4 Rb2�Se1�4
Exp. 3.3421(4) 3.3462(4) 3.6750(7) 3.7506(5) 3.8244(8)
Opt. 3.320 3.319 3.745 3.828 3.833

Fig. 2. Calculated band structures of Rb2Pd3US6 (a) and Rb2Pd3USe6 (b) using mBJ.
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inter-band transitions are mainly divided into two parts; direct
and indirect inter-band transitions. The indirect inter-band
transitions are ignored because it leads to phonon scattering and

expected less contribution to e2(x) [18]. Direct inter-band transi-
tion may contribute to e2(x) if all likely transitions from occupied
to unoccupied states are achieved. As Rb2Pd3UM6 (M = S, Se)

Fig. 3. Calculated total density of states (TDOS) of Rb2Pd3US6 and Rb2Pd3USe6 (a), partial density of states (PDOS) of Rb2Pd3US6 (b) and Rb2Pd3USe6 (c) using mBJ.
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compounds have Fmmm space group of the orthorhombic system
and therefore, comprising three non-zero components (i.e. exx

(x), eyy (x) and ezz (x)) of second order dielectric tensor. The imag-
inary part of dielectric function e2(x) [19] can be calculated as:

eij
2ðxÞ ¼

8p2�h2e2

m2V

 !X
k

X
cm
ðfc � fmÞ

Pi
cmðkÞP

j
mcðkÞ

E2
mc

d½EcðkÞ � EmðkÞ � �hx�

ð1Þ

where pi
cv (k), V, e, m, �h, fc and fv represent the momentum matrix

element, unit cell volume, electronic charge, electron mass, Plank’s
constant and Fermi distributions of the valence and conduction
bands, respectively.

Imaginary part of the dielectric function e2(x) for both com-
pounds in the energy range 0–8 eV is shown in Fig. 6a. It is clear
from Fig. 6a that the components e2

xx(x) and e2
zz(x) display max-

imum anisotropy with e2
yy(x) in the energy range 0–6 eV. This

anisotropy corresponds to different polarizations. Peak values of
the components e2

xx(x), e2
yy(x) and e2

zz(x) are given in Table 3.
For both compounds, the peak value of e2

yy(x) dominate e2
xx(x)

and e2
zz(x) and results in transition from the bottom of valence

band (VB) to the top of conduction band (CB). Additionally, the
maximum absorption seen between 0 and 0.4 eV reveals that these
compounds are suitable for optoelectronic devices in the infrared
(IR) energy region. A few small bumps are observed at higher ener-
gies. Moreover, higher reflection and very small absorption can be
noticed between 4.0 eV and 5.3 eV.

A preview of three components e1
xx(x), e1

yy(x) and e1
zz(x) for the

real part of the dielectric function obtained from the three compo-
nents of e2(x), is displayed in Fig. 6b. Two components e1

xx(x) and
e1

zz(x) show major anisotropy with e1
yy(x) and display an aniso-

tropic behavior from 3.5 to 4.6 eV energy range. Above 6.l eV, all
the three components e1

xx(x), e1
yy(x) and e1

zz(x) behave isotropi-
cally. Penn model [20–22] relates the real part of the dielectric func-
tion and the band gap as, e1(0) 1+(⁄ xp/Eg). From the spectrum, an
inverse relationship between band gap and e1(0) has been noted
and values of e1

xx(0), e1
yy(0) and e1

zz(0) are given in Table 3.
Added to the dielectric function, the energy-loss function and

reflectivity calculations are performed using mBJ. Energy-loss
function L(x) is large at plasma energy and determines the energy

lost in traversing of a fast moving electron [23,24]. The collective
oscillation of valence electron causes plasmon loss. In the inter-
band transitions, the scattering probability for volume is directly
related to L(x). We have calculated the spectrum of frequency
related to plasma resonance (as shown in Fig. 6c). For these com-
pounds, the maximum peaks are located above 11.0 eV and can
be identified as plasmon peaks. Also, these peaks correspond to
the peaks seen in e2(x) spectra. The plasmon peak values are given
in Table 3.

The frequency dependent reflectivity spectrum for both com-
pounds is displayed in Fig. 6d. Plasmon resonance can also be con-
firmed by variations occurred in the reflectivity R(x). Using the
imaginary part of the dielectric function, e2(x), the plasmon small-
est depth is determined at plasma resonance and is envoy of the
degree of overlap between the inter-band absorption regions
[18]. The values of the three components at zero-frequency reflec-
tivity (i.e. Rxx (0), Ryy(0) and Rzz(0)) for both compounds are given in
Table 3. After this, the reflectivity R(x) reaches to maximum and
then decreases with further increase in energy. It is interesting to
note that the maximum peak values of reflectivity occurs at
0.25 eV for Rb2Pd3US6 and 0.38 eV for Rb2Pd3USe6 where the
e1(x) becomes zero, as seen from Fig. 6d and b.

4. Conclusion

We have performed the first principle calculations on elec-
tronic band structure, density of states (DOS), electronic charge
density, Fermi surface and optical properties of Rb2Pd3UM6

(M = S, Se) compounds using the FP-LAPW method within the
mBJ approximation. The band structure calculations show that
both compounds have zero band gap and show metallic band
structure. From calculated DOS, it is concluded that the valence
band is mainly attributed to Rb-p, Pd-d and S-s/p or Se-s/p states
while conduction band is mainly attributed to Pd-d, U-f and S-p
or Se-p/d states. The electronic charge density spectrum reveal
that maximum charge sharing between Pd and S, and Pd or Se
show covalent bond nature whereas no charge transfer between
U and S, U and Se, Rb and S, and Rb and Se atoms responsible
for ionic bond nature. Also, the Fermi surface spectrum confirms

Fig. 4. Calculated electronic charge density of Rb2Pd3UM6 (M = S, Se) in (101)-plane.
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that both compounds have same number of fast velocity electrons
but different number of slow or intermediate velocity of elec-
trons. Additionally, the maximum peak values of the imaginary

part of dielectric function and the energy-loss function, the zero
limit frequency of real part of dielectric function and reflectivity
are calculated and discussed in details.

Fig. 5. Calculated Fermi surfaces of Rb2Pd3US6 (a) and Rb2Pd3USe6 (b).
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Table 3
Calculated highest peak values of e2

xx(x), e2
yy(x) and e2

zz(x), zero-frequency limit
(e1

xx(0),e1
yy(0) and e1

zz(0)), maximum peak values of L xx(x), Lyy(x) and L zz(x) and
zero-frequency limit reflectivity (Rxx(0), Ryy(0) and Rzz(0)) for Rb2Pd3US6 and
Rb2Pd3USe6 compounds.

Rb2Pd3US6 Rb2Pd3USe6 Rb2Pd3US6 Rb2Pd3USe6

e2
xx (x) 87.27 62.70 Lxx(x) 0.426 0.471

e2
yy(x) 8.97 9.68 Lyy(x) 0.459 0.460

e2
zz (x) 111.95 69.85 Lzz(x) 0.429 0.483

e1
xx(0) 109.28 86.98 Rxx(0) 0.713 0.664

e1
yy (0) 10.93 15.43 Ryy(0) 0.294 0.362

e1
zz (0) 126.73 94.93 Rzz(0) 0.739 0.681
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a b s t r a c t

Due to huge demand on discovering new materials for energy, we used first-principle calculations to
explore the electronic structure and optical properties of a recent quaternary selenide, namely
Ba4Ga4SnSe12. The electronic structure and the optical properties of Ba4Ga4SnSe12 were calculated
through a reliable approach of Engle Vosko-GGA (EV-GGA). We found that Ba4Ga4SnSe12 has a direct
band gap of 2.14 eV positioned at Γ. Acquiring the fundamental characteristics of Ba4Ga4SnSe12, we
studied the linear optical properties like dielectric function in the energy range of 0–14 eV. From the
dielectric function we noticed a weak directional anisotropy for the two components. The absorption
spectrum indicates the possibility of greater multiple direct and indirect inter-band transitions in the
visible regions and shows similar behavior with experimental spectrum. Ba4Ga4SnSe12 can be used as
shielding material from UV radiations. Present study predicts that the Ba4Ga4SnSe12 is promising for
photovoltaic applications due to their high absorption of solar radiations and photoconductivity in the
visible range.

& 2015 Elsevier Inc. All rights reserved.

1. Introduction

There has been an abundant research in the field of physics and
chemistry for binary and ternary chalcogenides during the past
decade which has paved path for a comprehensive understanding
of these solutions causing significant advances in quaternary ma-
terial preparation techniques. Due to rich structural chemistry and
unusual physical properties the chalcogenides are much interest-
ing [1–6]. Quaternary chalcogenide compounds have a very di-
verse and interesting structural chemistry and show useful phy-
sical and chemical properties that may be applicable to modern
technologies. They have attracted much attention because of the
relative ease of their preparation from the melt and their inter-
esting physical, thermal and optical properties. Furthermore,
chalcogenide glasses exhibit a continuous change of their prop-
erties by changing their chemical structure. Important studies on
characterization, crystallization kinetics and optical constants have
recently been reported [5–7]. Furthermore, these materials have
been subject of intensive research with application of new syn-
thetic methods, such as the surfactant-thermal method [4–12]

with aim to control the sizes and shapes of nano-crystals.
The non-centrosymmetric polar characteristics and simulta-

neous transmission of long wavelength radiation required of such
crystals point to complex chalcogenides as a potential source of
NLO materials. As a source of new NLO materials, quaternary
chalcogenides are attractive due to a variety of acentric arrange-
ments resulting from the combination of two kinds of metal
centers with different size, coordination preference, and packing
characteristics [13]. Rare-earth chalcogenides have exhibited not
only rich structures resulting from the diverse geometry of the Ln
centered coordination polyhedra and the flexible connectivity
among them, but also attractive magnetic, transport, and optical
properties related to the 4f electrons [14]. Yin et al. [15] in early
studies developed the quaternary A/M/M′/Q (A¼alkaline-earth
metal; M¼Al, Ga, In; M′¼Si, Ge; Q¼S, Se, Te) system and originate
four iso-structural compounds, BaGa2MQ6 (M¼Si, Ge; Q¼S, Se),
which were described to be a new-fangled series of IR nonlinear
optical materials showing promise for practical applications. Re-
cently, Yin et al. [15] have presented the synthesis, structural
characterizations, and band gap measurements of an interesting
quaternary selenide, Ba4Ga4SnSe12. They also reported its elec-
tronic band structure calculated using the plane-wave pseudo-
potential method. The later employed method is non-full potential
method and might suffer from some shortcoming. In the present
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study, we thought it would be worthwhile to perform calculations
by considering a full potential approach and we used all electrons
full potential linear augmented plane wave method. Our calcula-
tion has led to band gap very close to the experimental value [15].
Hence, we completed our investigation by bonding characteriza-
tion and optical properties to explore its potential application as
material for photovoltaic devices. The present work has been di-
vided in three parts. In Section 2, we briefly describe the compu-
tational technique and crystal structure of Ba4Ga4SnSe12 com-
pound. The most relevant results obtained for the electronic and
optical properties are presented and discussed in Section 3. Finally,
in Section 4, we summarize the main conclusions of the present
work.

2. Computational method and crystal structure

The present calculations were performed using the full poten-
tial linearized augmented plane wave (FP-LAPW) as implemented
in WIEN2k program [16] in the frame work of density functional
theory (DFT) [17,18]. This method suggests that the unit cell space
is split into interstitial region (IR) and non-overlapping Muffin-tin
(MT) sphere centered at the atomic sites. Generalized gradient
approximation (GGA) with Engel and Vosko parameterization (EV-
GGA) [19] has been used to treat the exchange–correlation po-
tential. Optimization of the ground state properties was achieved
with the help of DFT based EV-GGA scheme. Relaxed geometry is
obtained when the forces acting on each atom is minimized.
Minimization of forces means that the structure is completely
relaxed for the force values less than 1 mRy/au. Self-consistence
convergence was set to 10�4 Ry. The core and valence states were
treated fully relativistically and scalar relativistically respectively.
The cutoff parameter RMTKmax which controls the convergence of
basis set is taken to be 7.0, where RMT is the smallest atomic sphere
radius in the unit cell and Kmax represents magnitude of the largest
K vector. The calculations were carried out with 2000K points
mesh integration over the irreducible Brillouin zone (IBZ).

We are applying the described method to the recently syn-
thesized quaternary selenides, Ba4Ga4SnSe12 compound. This se-
lenide, possess newly typed structures in the cubic crystal system
with space group P-421c (No. 114) (see Fig. 1). Lattice constants
and atomic coordinates were obtained from the experimental
measurements [15]. The structure of Ba4Ga4SnSe12 was fully re-
laxed before proceeding with further calculations.

3. Results and discussion

3.1. Electronic band structure and density of states

The obtained results related to the electronic properties of the

Ba4Ga4SnSe12 compound are discussed via energy band structures.
Band structure for Ba4Ga4SnSe12 compounds is calculated along
high symmetry points Z-A-M-Γ-Z-R-X-Γ in the Bril-
louin zone as shown in Fig. 2. The zero energy is arbitrarily taken
at the Fermi level. The energy scale is in eV, and the valence band
maximum is set to be at the Fermi energy (EF), indicating that the
bands below EF are all occupied. It is well known that both LDA
and GGA underestimate the band gap of semiconductors, so in this
regards we used EV-GGA approximation which yields better band
splitting with respect to LDA and GGA. Therefore we preferred to
show here results related to EV-GGA approach. The important
parameter (that is of great interest in semiconductors), can be
determined from the energy band structure is the band gap Eg′
that is the impact of energies between the lower conduction band
(CB) and topmost valence band (VB). From our calculations, we
estimated the value of the band gap to Eg¼2.14 eV. This is very
close to the experimental measurement (2.16 eV) and shows that
the full potential calculations describe correctly the present sele-
nide compared to the pseudo-potential method (which led to a
band gap value of 1.42 eV) [15]). Principally, the energy structure
of the materials depends on the interactions between orbitals in
the lattice. It is quite evident that the investigated selenide has a
direct band gap as the valence band maximum (VBM) and the
conduction band minimum (CBM) arises at Γ―Γ point of BZ. In
order to understand the major contribution of orbitals/atoms in
the band structure, the total and atom-resolved density of states
(DOS) were calculated and reported in Fig. 3. The plots for the
total/partial density of states (TDOS and PDOS) are depicted in
Fig. 3. Narrowly four bands are examined in the energy ranges
from �15.0 to 15.0 eV. The PDOS reveals that, in the valence band,
the major contribution comes from Ba-p and Ga-d. The bands are
separated by narrow gaps around �14.0 to �13.5, �10.5 to �7.5,
�7.0 to �6.5, and 5.0 to �4.0 eV. The structure from �15.0 toFig. 1. Representation and labeling of unit cell structure of Ba4Ga4SnSe12.

Fig. 2. Electronic band structure along high symmetry points.
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�14.0 eV is due to the major contribution of Ga-p/d with small
contribution from Ba-s and Se-p states. The region between �13.5
and �11.0 consists of Ba-p, Ga-p and Ba-s states with a small

contribution from Ba-d state. The bands between �8.5 and 7.0 are
due to the Ba-s with a small admixture of Sn-s state. The structure
at the maximum valence band comes from Sn-s and Se-p with
small contribution from Se-d and Ba-d states. In the lower con-
duction band Ba-s, Se-p, Sn-s, Ba-d and Se-s states have the main
contribution. A strong hybridization exists between Ga-p and Ba-s,
Ba-s and Sn-s, Sn-s and Se-p states in both valence and conduction
bands. From the density of state (PDOS) we conclude that the in-
vestigated compound has some covalent features in spite of its
main ionic character.

We also calculated the effective mass of charge carriers (elec-
trons or holes) by fitting the dispersion curve using the following
expression:

m

d E

dk
1 2

i j

i j

i j,
2

2
,

2
,

=
ℏ

·
*

Using the effective mass (m*), one can describe the motion of
electrons inside the bands which were influenced by the applied
force. Furthermore, charge carriers in the bands have different
effective masses which depend on energy [9] and the inverse
proportion between the effective masses and the energy band
curvature lead to higher values of the effective mass. We calcu-
lated the effective mass of electrons in the Ba4Ga4SnSe12 com-
pound and found it equal to 0.345�me (me presents the rest mass
of electrons). The effective masses value of the present selenide is
smaller compared to a similar chalcogenide recently synthesized
and characterized, PbGa2Se4 [20]. The effective masses values in Y–
X direction were found equal to 1.396434�me and in direction Y–
Γ is equal to 5.149053�me. When the effective masses of elec-
trons/holes are sufficiently huge, the conductivity and carrier
mobilities are relatively low. On the other hand, the high effective
mass is sign good thermoelectric performance. Consequently, the
considered selenide is more appropriate to photovoltaic applica-
tion than thermoelectric properties [21,22].

3.2. Electronic charge density and bonding characteristics

Charge density distributions enrich us with further insight into
the electronic structure and information about chemical bonding
nature of the compound. Charge density distributions also serve as
good indicator about the maximum and the minimum charge
sites. The calculated valence charge density (Fig. 4a and b) is a
useful probe to predict the chemical bonding and charge transfer
in Ba4Ga4SnSe12 material. Highly converged wave function is used
to plot valence charge density (3D iso-surface shown in Fig.4a)
[23]. The 3D iso-surface shows that the charges are localized on
Sn, Se and Ga atoms compared to Ba atom. The 2D charge density
plot in (1 0 1) crystallographic plane shows high degree of asym-
metry. Electro-negativity plays significant role in understanding
charge transfer mechanism. The electro negativity values are Ba
(0.9), Sn (1.8), Se (2.5) and Ga (1.81) among which Se atom being
most electronegative thus acquire maximum charge concentration
site. From the color scale it can be also confirmed that the max-
imum charge accumulated around the Se atom, as yellow color
indicates greater charge concentration while orange, red and black
colors represent zero and negative charge regions (which are
mostly interstitials between different atoms). As we observed from
PDOS, there exists a strong hybridization between the states of Ba,
Se, Sn and Ga atoms, reflecting a covalent bonding between theses
atoms. In 2D plot of Ba4Ga4SnSe12 (Fig. 4b), covalent bonding exist
between Se-Ga.

3.3. Optical properties

The optical properties of solids give a significant means for

Fig. 3. Calculated TDOS and PDOS (states/eV unit cell) for Ba4Ga4SnSe12.
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studying localized defects, excitons, lattice vibrations, energy band
structure, impurity levels, and certain magnetic excitations. The
light interacts with matter in many ways whose effects are of great
interest for materials. Transition of electrons takes place between
the occupied valence bands and the unoccupied conduction bands
when light of particular energy falls on the materials surface.
These transitions act as source of information about the energy
bands. This is the reason that energy dependent optical properties
are related to the band structure. Complex dielectric function

i1 2ε ω ε ω ε ω( ) = ( ) + ( ) is one of the most important optical char-
acteristic of materials. Intra-band and inter-band are the two main
transition effects that occur in the dispersion of dielectric function.
Intra-band transitions are more important in metals and con-
tribute mostly to the dielectric function. Inter band transition
(direct and indirect) is most common in semiconductors. Dielectric
function explores much useful information about the optical nat-
ure of the materials. The crystal structure of trigonal bears two
major non-zero dielectric components of Ba4Ga4SnSe12 material.

The optical transitions can be illuminated from our investigated
band structure and density of states. The optical properties are
calculated at equilibrium lattice parameters as a function of in-
cident photon energy up to 14 eV as shown in Fig. 5. The ima-
ginary 2ε ω( ) and real 1ε ω( ) parts of the dielectric tensor compo-
nents are presented in Fig. 5(a and b) for Ba4Ga4SnSe12 compound.
The 2ε ω( ) spectrum shows that the critical point of the dielectric
function comes about 2.0 eV. So this material shows transmission
till 2.0 eV and above 2.0 eV the absorption starts. Therefore, this
material possesses potential application in visible regions. The
fundamental absorption edges give the threshold for direct optical
transitions between the top of valence band and bottom of con-
duction band. This critical point is the absorption edge for the
optical transitions between the highest valence band and the
lowest conduction bands (i.e., Sn-s-Ba-s). The imaginary part
shows a steep peak at around 6.0 eV. The two components show
maximum anisotropy between 6.0 and 8.0 eV. We should highlight
that the anisotropy in the optical (linear) susceptibilities favors an
improved phase matching conditions required for study of the
second harmonic generation (SHG) and optical parametric

Fig. 4. Calculated electronic charge density (a) 3D isosuraface. (b) 2D maps. (For
interpretation of the references to color in this figure, the reader is referred to the
web version of this article.)

Fig. 5. (a and b) Calculated imaginary part xx
2ε ω( ) (dark solid curve – black color

online) and zz
2ε ω( ) (long solid curve – red color online) spectra; calculated real part

xx
1ε ω( ) (dark solid curve – black color online) and zz

1ε ω( ) ( long solid curve – red
color online) spectra. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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oscillation (OPO).
The peaks that arise in the optical dispersion are due to pos-

sible electric dipole transitions from occupied state to unoccupied
state. The real part 1ε ω( ) is evaluated from the imaginary part using
the well-known Krammer–Kronig relation [24]. Considerable ani-
sotropy found among the two components for the investigated
selenide and two main peaks are situated in between 3.0 eV and
5.0 eV. Our calculated, xx

1ε ω( ) and zz
1ε ω( ) are displayed in Fig. 5b.

The static limit for the real part of dielectric function, 01ε ( ), along
the two crystallographic directions is found to be 5.511 and 5.727
for 0xx

1ε ( ) and 0zz
1ε ( ). The uniaxial anisotropy ⎡⎣ ⎤⎦/0

II
0 0

totδε ε ε ε= ( − )⊥ is
0.03844 indicating the existence of the anisotropy. Energy loss
function L ω( ) describes the energy loss by a fast moving electron in
materials. The energy loss functions for the investigated selenide
are drawn in Fig. 6a. As the energy increases the loss function
spectra peaks also increases, the main peaks of the energy loss
function for the two components (xx and yy) are in between 10.5
and 13.0 eV. These peaks are defined as the bulk plasma frequency

pω ⊥ and mostly occur when 1ε ω( ) reaches zero point. Hence, in-
cident light with frequency greater than 6.0 eV the materials be-
comes transparent. In the energy loss spectra the peaks are related

to inter-band transitions and plasmon energies. The energy loss
spectra and the real part of dielectric function concurrently in-
dicate that the comparative maximums in energy loss functions
are connected to the energy of plasmon oscillations. It is practical
that the comparative extreme in the energy loss function take
places with an excellent estimate at energies somewhere the di-
electric function 1ε ω( ) crosses the zero line. At this energy value
the reflectivity spectrum suddenly dropped. The components
show maximum isotropy between 11.0 and 13.0 eV and the rest of
the curves are highly anisotropic in the lower energy range.

Another important optical parameter is the reflectivity R ω( )
that is illustrated in Fig. 6b. Spectrum of the reflectivity R ω( )
shows small values in the visible range as the energy increases the
peaks shows inclination. Reflectivity for the investigated com-
pound is about 70% at high energy and in between 6.0 and 10.0 eV,
the reflectivity is above 45%. So it is concluded that the in-
vestigated compound can be partially used as a shielding material
in ultra violet regions. The maximum reflectivity takes place where
the real part of dielectric function 1ε ω( ) becomes negative. The
absorption spectrum I ω( ) is plotted in Fig. 6c, in the energy range
of 0.0–14.0 eV, the spectrum reflects that the deep absorption

Fig. 6. (a–d) Calculated energy-loss spectrum Lxx ω( ) (long solid curve – black color online) and Lzz ω( ) ( long solid curve – red color online) spectra; calculated energy-loss
spectrum I xx ω( ) (long solid curve – black color online) and I zz ω( ) ( long solid curve – red color online) spectra; calculated refractive index nxx ω( ) (long solid curve – black
color online) and nzz ω( ) ( long solid curve – red color online) spectra; calculated reflectivity Rxx ω( ) (long solid curve – black color online) and Rzz ω( ) ( long solid curve – red
color online) spectra. ( long solid curve – red color online) spectra. (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of this article.)
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occurs at high energies. This absorption first peak originates from
Sn-s state, which is situated at the top of the valence bands to the
empty Ba-s state, i.e. at the bottom of the conduction bands. In the
absorption spectra the first highest peak takes places almost at
about 2.0 eV for I Iandxx zzω ω( ) ( ) components, which shows simi-
lar behavior with experimental results [15].

Finally, we also calculated the refractive index n ω( ) for the in-
vestigated compound as displayed in Fig. 6d. The refractive index
is intimately related to the electronic polarizability of ions and the
local field inside the crystal. The plot of the refractive index is
displayed in Fig. 5e. The relation between the refractive index and
complex dielectric function is n k1

2 2ε ω( ) = + , nk22ε ω( ) = [25]. At
low energies the peaks emerge and with increasing energies the
curves vanish. The reason for these discarding of curves at higher
energy is due to the fact that beyond certain energy the material is
no longer considered as transparent material, and it absorbs high
energy photons. It is also clear from Fig. 6d that the refractive
index falls below unity at number of frequencies. So it means that
material crossing zero, the material becomes superluminal for
high energy photon. From the spectra of the refractive index, one
can observe that the refractive index n ω( ) approximately follows

1ε ω( ) while the extinction coefficients changes in a similar fashion
as 2ε ω( ).

4. Conclusion

Employing FP-LAPW method based on the DFT within Engel
Vosko GGA we have presented detailed study on electronic and
optical properties of the quaternary selenide named Ba4Ga4SnSe12.
It has been established on the basis of electronic band structure
that Ba4Ga4SnSe12 has a semi conducting nature with a direct band
gap at Γ point. Real and imaginary parts of the dielectric function,
reflectivity and refractive index were reported. Our theoretical
investigations were found more accurate compared to the pre-
vious theoretical work were they found a band gap value of
1.42 eV whereas our finding is close to the measured value (i.e.
2.16 eV). The lower energy region of the CB (conduction band) is
mainly formed by a mixture of Ba-s, Se-p, Sn-s, Ba-d and Se-s
states, while its (conduction band) higher energy region are
composed of Ba-d, Ga-p, Sn-p and Se-s/p/d orbitals. The lower
energy region VB (valence band) is mainly induced by Ga-p/d
states, and its (valence band) upper energy region comprised from
the Sn-s and Se-p states. The present selenide, Ba4Ga4SnSe12, has a
maximum reflectivity in the visible and UV regions of electro-
magnetic spectrum leading to consider it for potential application
as photovoltaic material.
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a b s t r a c t

Bonding nature as well as the electronic band structure, electronic charge density and optical properties
of KBaMSe3 (M = As, Sb) compounds have been calculated using a full-potential augmented plane wave
(FP-LAPW) method within the density functional theory. The exchange–correlation potential was han-
dled with LDA and PBE-GGA approximations. Moreover, the Engel–Vosko generalized gradient approxi-
mation (EV-GGA) and the modified Beck–Johnson potential (mBJ) were also applied to improve the
electronic band structure calculations. The study of band structure shows that KBaAsSe3/KBaSbSe3 com-
pounds have an indirect band gap of 2.08/2.10 eV which are in close agreement with the experimental
data. The bonding nature has been studied as well using the electronic charge density (ECD) contour
in the (101) crystallographic plane. It has been revealed that As/Sb–O atoms forms a strong covalent,
while Ba–Se atoms form weak covalent bonding and the ionic bonding is mainly found between K and
Ba atoms. Moreover, the complex dielectric function, absorption coefficient, refractive index, energy-loss
spectrum and reflectivity have been estimated. From the reflectivity spectra, we found that KBaAsSe3

compound shows greater reflectivity than KBaSbSe3, which means that KBaAsSe3 compound can be used
as shielding material in visible and also in ultra violet region.

� 2015 Elsevier B.V. All rights reserved.

1. Introduction

For the last few decades, the newly investigated multinary
chalcogenides comprising two or more metal cations have been
gaining immense importance for their structural and composi-
tional complexity which is suitable for various physical properties
(like thermoelectric, superconducting, magnetic and nonlinear
optical properties), battery electrodes and photovoltaic applica-
tions [1]. The stereochemical activity of ns2 lone pair of electrons
of M (M = As, Sb) strongly affects the structure and electronic nat-
ure and the properties of the resultant compound as well. Over the
past few years, the synthesis of new group 15 element-containing
multinary chalcogenides has been performed and many chalco-
genides with fascinating physical properties were discovered
[1,2]. The quaternary KBaMSe3 (M = As, Sb) selenides have been

determined isostructural and crystallized in the centrosymmetric
space group P21/c of the monoclinic crystal system. The trivalent
M atom coordinated to three Se atoms forms a trigonal pyramid
with the Se atoms serving as the triangle base and indicates the
stereochemical activity of the ns2 lone pair electron [3]. The micro-
scopic packing of anions is greatly influenced by the size and
charge of cations and generally determines the various properties
in a crystal [3,4]. The mixture of different size and charge of the
alkali and the alkaline-earth cations influences the packing of
anions and demonstrates a considerable effect on the stoichiome-
tries, structures and properties of KBaMSe3. An indirect band gap
semiconductor nature have been investigated using the diffuse
reflectance spectra [3] with band gap values 2.26 and 2.04 eV for
KBaAsSe3 and KBaSbSe3 respectively.

Inspiring these significant properties discussed above, we have
performed the electronic structure, electronic charge density and
optical calculations of quaternary KBaMSe3 (M = As, Sb) using the
full potential linear augmented plane wave (FP-LAPW) method
within the framework of Wien2k code.

http://dx.doi.org/10.1016/j.jallcom.2015.04.181
0925-8388/� 2015 Elsevier B.V. All rights reserved.
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In view of KBaMSe3 (M = As, Sb), it has been known to our
knowledge that there is a shortage of theoretical information. As
a matter of fact, in the past the CASTEP code was used in investi-
gating the electronic structure of these compounds [3]. The
CASTEP code is considered as non-full potential method, where
we thought that it would be worthwhile to do the calculations tak-
ing into account the importance of using full potential calculations;
therefore we’ve used all electrons FPLAPW method. It has been
observed that our computed energy band gaps are in fairly good
agreement with the experimental data [3]. To the best of our

knowledge, no optical properties of KBaMSe3 (M = As, Sb) have
been yet reported in literature. Therefore, it stimulates us to deal
with the electronic structure and the optical properties of
KBaMSe3 (M = As, Sb) through the present paper.

The paper structure is organized as follows: In Section 1, a com-
prehensive introduction of quaternary KBaMSe3 (M = As, Sb) sele-
nides is demonstrated. Section 2 is devoted to the method of
calculations. The obtained results are discussed in details in
Section 3 whereas the summary of the present work is presented
in Section 4.

Fig. 1. The optimized crystal structure of KBaMSe3 (M = As, Sb) compounds.

Fig. 2. Energy band structures of KBaMSe3 (M = As, Sb) compounds, obtained by using the modified Becke–Johnson (mBJ). the conduction band minimum (CBM) is located at
the C point of BZ for both compounds, while the valence band maximum (VBM) is located at the Y symmetry points for KBaAsSe3 and at the middle of M point for KBaSbSe3,
resulting in an indirect band gap for KBaAsSe3 and KBaSbSe3.
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Fig. 3. (a) The calculated total density of states TDOS dispersions (States/eV) of KBaMSe3 (M = As, Sb) compounds using mBJ; (b, c) The calculated partial density of states
PDOS (States/eV) of KBaMSe3 (M = As, Sb) compounds using mBJ.
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2. Computational methodology

The crystallographic data of KBaAsSe3 and KBaSbSe3 obtained from Yin et al. [3]
have been used in this study. Basically, the KBaAsSe3/KBaSbSe3 compound crystal-
lizes in monoclinic structure comprising the space group P21/c (# 14), with lattice
parameters, a = 9.369(2) Å, 9.049(2) Å, c = 9.247(2) Å, a = 90.00, b = 108.23(3), and
c = 90.00 (a = 9.386(2) Å, b = 9.199(2) Å, c = 9.369(2) Å, a = 90.00, b = 108.25(3),
and c = 90.00). The unit cell crystal structures of both compounds are shown in
Fig. 1. To study the electronic properties, we have used the all-electron-full-poten-
tial linear augmented plane wave (FP-LAPW) method based on first-principles den-
sity functional calculations as implemented in the WIEN2k [5,6]. It is well-known
that the calculated band gap within DFT using local density approximations
(LDA) [7], generalized gradient approximations (GGA) [8] is underestimated by
around 30–40% compared to the experimental one. In order to overcome this draw-
back, Engle–Vosko GGA (EVGGA) [9] approximation and the modified Beck–Johnson
potential (mBJ) [10] are adopted. The EVGGA was found to be quite successful in
reproducing better band splitting, and hence better band gap value compared to
LDA and GGA is observed. The plane-wave expansion RMT � KMax (RMT represent
minimum radius of the muffin-tin sphere and Kmax is the magnitude of the largest
k vector in the plane wave expansion) was taken equal to 8. k sampling with
2000 k-points in the irreducible Brillouin zone (BZ) has been used, where this
parameter controlled the size of the basis. The atomic sphere radii of atoms were
considered as large as possible so that they would not overlap each other. Full-lat-
tice optimization was used to perform the calculations. Self-consistent calculations
are considered to be converged when the total energy of the system is stable within
0.1 mRy and the difference in the total electronic charge does not exceed 0.001e, as
calculated in the consecutive steps. Within the muffin-tin (MT) spheres, the poten-
tial and charge density distributions are extended in spherical harmonics with orbi-
tal number lmax = 10. The chosen MT sphere radii of KBaAsSe3 (KBaSbSe3) are
2.5 a.u. for Ba/K atoms and 2.26 a.u. for As/Se atoms (2.5 a.u. for Ba/K atoms,
2.48 a.u. for Sb atom and 2.36 a.u. for Se atom).

3. Result and discussions

3.1. Band structure and density of states

The band structures and densities of states were predicted
using the LDA, GGA, EVGGA and mBJ functionals. The calculated
band structure profiles using the LDA, GGA, EV-GGA and mBJ for
the herein studied compounds were similar except for the value
of their band gaps which were higher within mBJ. Fig. 2 depicts
the calculated band structures along the high symmetry directions
points of the Brillouin zone (BZ) for the monoclinic KBaAsSe3 and
KBaSbSe3 compounds within mBJ only. Following Fig. 2, it is illus-
trated that the conduction band minimum (CBM) is located at the
C point of BZ for both compounds, while the valence band maxi-
mum (VBM) is located at the Y symmetry points for KBaAsSe3

and at the middle of M point for KBaSbSe3, resulting in an indirect
band gap semiconductors for KBaAsSe3 and KBaSbSe3. The com-
puted band gap of KBaAsSe3, are 1.43, 1.544 and 1.69, 2.08 eV for

LDA, GGA, EVGGA and mBJ, and for KBaSbSe3, are 1.59, 1.70,
2.153 and 2.10 eV for LDA, GGA, EVGGA and mBJ approximations,
which are in good agreement with the experimental values
(2.26 eV and 2.04 eV) and demonstrates an improved band gap val-
ues compared to those obtained by Yin et al. (1.52 eV and 1.67 eV)
[3] using CASTEP code. The calculated density (i.e., total and par-
tial) of states (TDOS and PDOS) for KBaAsSe3 and KBaSbSe3 com-
pounds are shown in Fig. 3. It is clearly seen that there is an
abrupt increase in DOS at the valence band (VB), which is apparent
from the low dispersion in the band structure (Fig. 2).

To explicate the character of the electronic band structures, we
were intended to the calculations of total and partial densities of
states (TDOS and PDOS) of KBaAsSe3 and KBaSbSe3 compounds
(see Fig. 3). The lowest bands (valance band) around �14.0 to
�11.0 eV consist of Ba-p and Se-s states with small contribution
of As/Sb-s/p/d states. The As/Sb-s and Se-s states along with small
contribution of Ba-s and K-p states are located between �9.5 and
�8.0 eV. The highest occupied valence band from �4.0 and 0.0 eV
are derived from the As/Sb-p, Ba-s and Se-p states with a small
contribution of K-s/p and As/Sb-d states that define the top of
the valence band. The conduction band consists of Ba-s/d states
with small contributions of As/Sb-p/d and K-s/p states. Analyzing
the density of states (partial density of states), a strong hybridiza-
tion exists between Ba-p and Se-s orbitals at around �14.0 to
�12.0 eV. The hybridization is also seen between As/Sb-s and Se-
s states at the energy range from �9.5 to �8.0 eV, and also at
�4.0 to Fermi level, where a strong hybridization exist between
Se-p and Ba-d orbital. The difference between the density of state
structure of the two compound is that when the As atoms is
replaced by Sb atoms, the whole structure moves towards lower
energies, and the height of the peaks decrease as well.

3.2. Electronic charge density

The calculated total electronic charge density (ECD) in (101)
planes for KBaAsSe3 and KBaSbSe3 compounds have been displayed
in Fig. 4. In this paper we presented the charge density difference
distributions to examine the bonding in both compounds. The
bonding (ionic and covalent bonding) definition is based on density
difference distributions. The ECD spectra for the KBaAsSe3 and
KBaSbSe3 compounds, show tendency of covalent character for
As/Sb-Se bonds which depends on Pauling electro-negativity differ-
ence of the atoms, K (0.820), As (2.050), Sb (2.020) and Se (2.550). It
is evident that Se atom has higher electro negativity than the other
atoms, so it is noticed that the maximum charges accumulated

Fig. 4. The electronic charge density contour with mBJ in the (101) plane for KBaMSe3 (M = As, Sb) compounds using mBJ.
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around Se-atom. If a glance taken inside the ECD contour, humps
appears round the Se atom, which is due to the attraction between
the next neighbors As atoms. If we look to the ECD of KBaAsSe3

compound the humps appear around the Ba and Se atoms, a weak
covalent bond between these two atoms can be observed. But when
As is replaced by Sb atom, the bond distance between Ba and Se
atoms increases though the humps appear between these, but there
is no covalent bond exist between these atoms.

3.3. Linear optical properties

In this section, the complex dielectric function (e(x) =
e1(x) + ie2(x)) of KBaAsSe3 and KBaSbSe3 compounds is discussed.
Basically, the imaginary part of the dielectric function, e2(x)
depends on the momentum matrix elements and the joint density
of states. The spectra for both (imaginary and real) parts are shown
in Fig. 5, for an energy range 0–14 eV. The spectra of both compounds

Fig. 5. Calculated imaginary part ðeaverage
2 ðxÞÞ of KBaAsSe3 compound (dark solid

curve-black color online) and KBaAsSe3 compound (dark curve-red color online)
spectra (a); and real part ðeaverage

1 ðxÞÞ of KBaAsSe3 compound (dark solid curve-black
color online) and KBaAsSe3 compound (dark curve-red color online) spectra (b). (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

Fig. 6. Calculated energy loss spectrum ðIaverageðxÞÞ of KBaAsSe3 compound (dark
solid curve-black color online) and KBaAsSe3 compound (dark curve-red color
online) spectra (a): Calculated reflectivity ðRaverageðxÞÞ of KBaAsSe3 compound (dark
solid curve-black color online) and KBaAsSe3 compound (dark curve-red color
online) spectra (b): and Calculated refractive index ðnaverageðxÞÞ of KBaAsSe3

compound (dark solid curve-black color online) and KBaAsSe3 compound (dark
curve-red color online) spectra (c). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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illustrate some numerous peaks which communicate to electronic
transitions from the occupied band to the unoccupied band. As our
investigated compounds has the monoclinic symmetry, hence the
dielectric functions are resolved into three components exx(x),
eyy(x) and ezz(x). The investigated spectra of the imaginary parts
exx

2 ðxÞ, eyy
2 ðxÞ and ezz

2 ðxÞ of the frequency dependent dielectric
function, but it will be shown only the calculated average dielectric
function of both compounds as elucidated in Fig. 5. As it is clear from
the spectra of both compounds that, as we move from KBaAsSe3 com-
pound to KBaSbSe3 compound, though there is a shift in the structure
towards the higher energy and the value of the peaks decreases.

To explain the calculated spectra of the imaginary part of the
investigated compounds, the spectra are divided in two parts.
The range of the first part is from 2.5 to 5.0 eV, whereas for the sec-
ond one is above 6.0 eV. Mainly, the first part is dominated by Se-p,
Sb-p and K-p transitions, where the interband transition (peak)
arises between the valence band maximum (VBM) and conduction
band minimum (CBM). These peaks arise for both compounds at
2.0 eV. The next group of the peaks is construed from the transi-
tions from either Se-p or As-p states for both compounds. The main
peak for both compounds appears at 7.0 eV.

The average real part of the dielectric function e1ðxÞ, have been
investigated by using the Kramers–Kronig relations [11]. The inves-
tigated spectra of e1ðxÞ for both compounds are plotted in Fig. 5(b).
The zero frequency limits e1ð0Þ is mainly the imperative quantity,
known as the electronic part of the static dielectric constant which
is greatly influenced by the band gap. The calculated static values
are 3.04 for KBaAsSe3 and 3.57 for KBaSbSe3. It has been interpreted
that the smaller energy gap (Eg) assents a larger e1ð0Þ value [12],
which is explained from the Penn model [13]. This (Penn) model

is based on this formula eð0Þ ¼ 1þ ð�hxp=EgÞ2. From this expression
it is apparent that eð0Þ is inversely proportional to Eg.

Mainly, the absorption coefficients from the e1(x) and e2(x)
were evaluated. The average absorption spectra are shown in
Fig. 6(a). About 2.0 eV the first absorption peak is originated for
the KBaAsSe3 and KBaSbSe3 compounds. The absorption edge
begins approximately at 2.1 eV for KBaAsSe3 and KBaSbSe3, which
indicates close agreement to the experimental values (2.26 and
2.04) [3]. The absorption coefficient in the fundamental region is
exalted almost 90 � 104 cm�1 for KBaAsSe3 and KBaSbSe3 com-
pounds at ultraviolet region.

The average reflectivity spectra for the investigated compounds
are illustrated in Fig. 6(b). In general, both investigated compounds
show same behavior but KBaAsSe3 compound shows greater reflec-
tivity than the KBaSbSe3. From the reflectivity spectrum, it can be
inferred that these compounds display small reflectivity at low
energies, then a rapid increase in the reflectivity occurs at the
intermediate and the high energies. Basically, the reflectivity max-
ima take place from inter-band transitions, while they occurred
between the energy ranges 6.0–10.0 eV and then above at
13.4 eV for both compounds, which is in the ultraviolet (i.e., both
compounds can be therefore served as a possible shield for ultravi-
olet radiation).

The calculated average refractive indices for the investigated
compounds are displayed in Fig. 6(c). In the refractive index, the
peaks that appear are related to the peaks emerged in the imagi-
nary part of the dielectric function. The refractive index spectra
show greater peaks between 2.0 and 6.0, but a rapid decrease
occurs at high energies in the refractive indices of both
compounds.

This phenomenon is a significant physical parameter linked to
the microscopic atomic interactions. On the theoretical standpoint,
there are two approaches in screening this subject: the refractive
index that is linked with the density, and the local polarizability
of these individuals which are related to the energy gap Eg of the

material [14,15]. Hervé and Vandamme proposed an empirical for-
mula in order to be motivated by simple physics of light refraction
and dispersion, as follows [15]:

n ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ A

Eg
þ B

� �s

where A = 13.6 eV, B = 3.4 eV and Eg is the band gap. The computed
refractive indices of KBaAsSe3 and KBaSbSe3 compounds are 1.8695
and 1.8504, respectively. This is confirmed by the computation of
the optical dielectric constant e1, which depends on the parameter
n. From the average refractive index spectra, it can be concluded
that the static value of n(0) decreases as the band gap increases.
The static values for KBaAsSe3 and KBaSbSe3 compounds are 1.72
and 1.8, respectively.

4. Conclusions

As a summary, we’ve studied the electronic structure and opti-
cal properties of the KBaMSe3 (M = As, Sb) by using the FPLAPW
through the density functional theory. It has been found that the
calculated band gaps are in good agreement with the available
experimental data. To obtain the comparable energy gap, we also
used EVGGA which shows better band gap than the LDA and
GGA. The calculated band structures reveal that both compounds
are indirect band gap semiconductors.

Through analyzing the density of states (partial density of
states), a strong hybridization between Ba-p and Se-s, As/Sb-s
and Se-s and also between Se-p and Ba-d orbital is observed. As
we replace As by Sb atom, the density of structure moves toward
lower energies. The dielectric function, refractive index, energy
loss function, absorption coefficient and reflectivity of the com-
pounds were also investigated. The absorption edge begins approx-
imately at 2.08 and 2.1 eV for KBaAsSe3 and KBaSbSe3, which
indicates a close agreement with the experimental values (2.04
and 2.26).
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