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Abstract

In this work, we systematically investigated the structural, mechanical, dynamic, elec-

tronic, optical and photocatalytic properties of A2GeSe4 (A = Mg, Ca, γ-Sr and Ba)

seleno-germanate compounds by density functional calculations. Synthesis of Mg2GeSe4,

γ-Sr2GeSe4 and Ba2GeSe4 have been reported, while Ca2GeSe4 is a hypothetical com-

pound. Good structural chemistry and physical properties of seleno-germanates com-

pounds have been reported, their tetrahedral GeSe4 and polyhedral A2Sen coordinations

(A = Alkaline earth metals; n = 6 - 9 fold coordination) have a significant role in shaping

their physical properties.

Density functional theory (DFT) and many-body perturbation theory (MBPT) were

used in our theoretical calculation of structural, mechanical, dynamic, electronic, opti-

cal and photocatalytic properties. The ground-state properties i.e. equilibrium volume,

lattice constants, cohesive and formation energies and bulk moduli were calculated.

Our calculated lattice parameters and equilibrium volumes are in reasonable agreement

with available experimental data. Elastic constants satisfy the Born stability criteria,

confirming mechanical stability of all four compounds and the calculated cohesive and

formation energies also confirm that Ca2GeSe4 can be formed. Vibrational properties,

studied using a finite displacement method, revealed no negative phonon frequencies

across the Brillouin zone and therefore the compounds are dynamically stable. Hy-

brid functional and many-body perturbation theory was employed for the study of the

electronic band structure and optical properties. Band structure results suggest that

Mg2GeSe4 and Ca2GeSe2 are indirect band gap whereas γ-Sr2GeSe4 and Ba2GeSe4 are

direct band gap semiconductor respectively. For the study of optical spectra, Bethe-

Salpeter equation (BSE) was solved to include excitonic effect for an accurate descrip-
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tion of optical properties. Optical absorption spectra show significant optical anisotropy.

Band gaps estimated from BSE onset absorption spectra are 2.58, 2.30, 2.86 and 2.05

eV for Mg2GeSe4, Ca2GeSe4, γ-Sr2GeSe4 and Ba2GeSe4 respectively. The calculated

band gaps suggests that Mg2GeSe4, Ca2GeSe4, γ-Sr2GeSe4 and Ba2GeSe4 are semicon-

ductors with potential to absorb light in the ultra-violet and upper visible regions and

are suitable for applications as non-linear optics, photovoltaic (multi-junction solar cell)

and photocatalytic materials.

Surface energy and electronic properties of 100, 101, 110 and 111 periodic supercell sur-

faces of A2GeSe4 is calculated using the Generalized Gradient Approximation (GGA)

the PBEsol, based on the calculated surface energies; a Wulff plot is constructed

to analyzed the surface stability. From surface energy calculations and Wulff plot,

Mg2GeSe4(101) and (110), Ca2GeSe4(100), γ-Sr2GeSe4(111) and Ba2GeSe4(111) sur-

faces are identified as the most stable surfaces. Surface charge density distribution

analysis using Bader charge analysis reveals the presence of charge accumulation at iso-

surface of A2GeSe2. This change is likely to decrease charge recombination, facilitate

easy charge transfer to adsorbate and enhance photocatalytic activities. Comparison

of total and projected density of states (TPDOS) from the electronic structure of sur-

face and crystal bulk reveal additional electronic surface state near the valence band

and reduced band gap in surface structure with shifting of conduction band minimum

towards the valence band maximum. Band edge positions, the valence band maximum

(EVBM ) and conduction band minimum (ECBM ) are calculated on the most stable sur-

face using band gap center (BGC) technique from periodic supercell GGA framework

and crystal bulk quasiparticle G0W0+BSE band gap. Our calculated EVBM and ECBM

for Mg2GeSe4(101) and (110), Ca2GeSe4(100), γ-Sr2GeSe4(111) and Ba2GeSe4(111) are

-6.017, -6.480, -5.794, -6.009, -4.736 and -3.437, -3.90, -3.824, -3.149 and -2.689 eV re-

spectively. Band edge positions in comparison to redox potential both at pH = 0 and 7

show that A2GeSe4 (A = Mg, Ca and γ-Sr) thermodynamically have the ability to pho-

tocatalytically oxidise and reduce water while Ba2GeSe4 is capable of photocatalytically

reduction of water.

The absolute Mulliken’s electronegativity, the so-called EN-model analysis of EVBM

and ECBM compared to redox potential of water versus the normal hydrogen electrode

(NHE) shows that the A2GeSe4 (A = Mg, Ca, γ-Sr and Ba) compound can straddle

redox potential of water at pH = 7. Finally, the calculated ground-state properties,

electronic and optical properties, the EVBM and ECBM positions in comparison to re-
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dox potentials of water revealed that A2GeSe4 (A = Mg, Ca, γ-Sr and Ba) are stable

compounds and suitable candidates that can be exploited for applications in non-linear

optics, photovoltaic (multi-junction solar cells) and visible response photocatalytic ma-

terials.
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1
Introduction

1.1 Motivations and Overview

The need for a search of alternative, renewable, cheap, safe and environmentally friendly

energy sources for the realization of a green and sustainable society and for the improve-

ment of social and economic development is a concern of the 21st-century scientific com-

munity. There are several examples of alternative energy materials and green technology

that can be used to achieve the green, sustainable and economically viable society from

natural resources such as wind, solar power, fuel cell, biomass, hydro power etc. [2]. In

comparison to the traditional carbon-based energy, according to Murdock et al. [3] in

the renewable Global Status Report 2019 (GSR2019). They reported that renewable

source of energy account only for 26.2% of global energy consumptions in the year 2018.

This is expected to reach 45% by the year 2040, expecting most likely increase from

solar, wind and hydropower. Therefore, there is a call for accelerated research in this

direction. For the solar renewable sources the photovoltaic, photoelectrochemical and

photocatalysis have from their initial stage similar energy conversion mechanism. These

mechanism involves photon absorption by semiconducting materials and converted them

to photo excited charge carriers that are transported and utilized to produce electrical

power or chemical fuel [4]. But some of the solar renewable systems like photovoltaic

systems are characterised with the diurnal cycle, intermittency of terrestrial solar re-

source and cost effective storage system [5]. It is argued that the most attractive and

easy solar energy conversion and storage is in the form of a chemical bond, by producing

1
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the cheap solar fuel, from the photoelectro chemical (PEC) and photocatalytic process

[5, 6].

Photocatalysis is a potential means of renewable energy production from water splitting

to produce hydrogen fuel to replace fossil fuel and reduce carbon dioxide emission. There

are two approaches to a successful photocatalytic water splitting, the one-step and two-

step water splitting [7]. In the one-step process, where the overall water splitting is

achieved with a single semiconductor photocatalyst. These semiconductors must satisfy

the conditions of sufficient vacuum potential, thermodynamic potential and suitable

band gap to harvest visible-light and stability to photo corrosion [7, 8]. These conditions

limit the number of the reliable and reproducible semiconductor one-step water splitting

compounds. The two-step approach is a photocatalytic process that is achieved with

combination of two semiconductors. In this process a semiconductor with only capable

reduction potential is combined with another semiconductor with oxidation potential to

achieve overall water splitting. The two-step approach is usually called the Z-Scheme

or heterojunction. Its advantage is that it greatly improves the light absorption and

charge transfer. With Z-Scheme approach many successful visible-light photocatalysts

were reported [9, 10, 11].

Since the 1972 pioneering discovery work of photoelectrochemical water splitting on

a TiO2 photoanode [12], a large number of semiconductor-based materials have been

developed as active photocatalysts in the ultraviolet radiation and visible light range

[13]. Metal oxides are the most extensively researched semiconductors for photocatalytic

applications, among which TiO2 to date, is a material for industrial use due to its

efficient photoactivity, high stability and low-cost [14, 15]. The Compoud BiVO4, Fe2O3

and WO3 were also well studied [16, 17, 18]. The drawback of metal oxides is mostly

due to their redox potential, which is suitable for oxygen O2 evolutions [17]. Thier

unfavourable electronic properties with large energy gaps >3 eV which falls in the

ultra-violet and hence can not be used as visible light absorbers. Photocatalysts like

Fe2O3 have an appropiate band gap for water-spliting, but it have photo-generated

carrier and transport problems. These are most of the time are accompanied by poor

photo efficiency to be active visible light photocatalysts [19, 20].

Metal chalcogenides are also not left out in the search of semiconductor for one-step

photocatalytic applications. In pioneering work, Helmut [21] and Kline [22] reported

that MoSe2 and WSe2 can be efficient photoanodes for stable photoelectrochemical cells.
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Thus their findings reveal that metal chalcogenides can be developed as photoelectro-

chemical and photocatalyst materials. Recently, bulk binary and monolayers metal

chalcogenides MX (M = Ge, Si, Sn and X = S, Se) [23, 24], WS2 [25] and cadmium

chalcogenides CdX (X = S, Se and Te) [8] have recieved attention for photocatalytic ap-

plications. They have been reported to possess favourable photocatalytic potentials for

water splitting. Although some of the drawbacks associated with metal chalcogenides

are related to over potential [23]; for hydrogen production and the sulphur based com-

pounds also turned out to have large band gaps [26] which is not suitable for visible

solar energy conversion. These problems are addressed sometimes using a two-step ex-

citation Z-Scheme/heterojunctions and monolayer approach are employed [24, 25] to

improve photocatalyst activities of binary metal chalcogenides compounds.

Basically, there are at least two fundamental functions required for a good one-step

semiconductor photocatalyst for water splitting: to harvest maximum part of the solar

spectrum and perform the catalytic function of efficient water reduction and oxidation.

Therefore, for an ideal semiconductor to perform this functions, it must possess an

appropriate band gap for solar energy absorption, proper band edges positions for re-

duction and oxidation and good stability under required reaction condition. Recently,

ternary and multinary chalcogenides (MCS) were reported to exhibit these character-

istics and are regarded as promising candidates for photocatalytic hydrogen H2 pro-

duction [27]. Among these are the 12-111-V14 and 12-11-1V-V14 group semiconductors

[27, 28]. Compounds such as Cu2WS2 [29] Ba2ZnSe3 [30] and BaAu2S2 [31] were found

to exhibit excellent visible-light response photocatalytic and thermal stability, and in

addition posses band gaps between 2.0 - 2.75 eV with suitable band structure that can

be modified by alloying and stability under the reaction condition. These recent studies

[27, 30, 31, 28] have demonstrated that some ternary and multinary chalcogenides semi-

conductors are suitable potential candidates for visible light harvesting photocatalysts

due to their: i) appropriate band gap positions, ii) tunable band structures, shapes,

size and crystal structures, iii) excellent thermal stability and iv) possess good electron-

hole-generating centers and are possible future excellent visible-light photocatalysts.

The chalcogenidometalates, the seleno-germanates and thio-stannates with formula

A2MQ4 (A = Alkaline-earth metal; M = Si, Ge and Sn; Q = chalcogenides) have

not been investigated for water splitting. Although their counterpart (metal chalco-

genide) were reported as promising one-step photocatalytic water splitting material due

their physical properties and band gap position [32, 33, 34]. In comparison to the metal
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chalcogenide, the chalcogenidometalates, the seleno-germanates and thio-stannates com-

pounds [35, 36, 37, 38] were also reported to possess interesting structures and turnable

physical properties with optical band gaps between 2 - 3 eV [34, 37, 38, 39, 40]. Hence,

chalcogenidometalates compounds can also be promising photocatalytic materials.

1.2 Photocatalysis

There is no clear cut definition of photocatalysis agreed within the scientific commu-

nity. According to IUPAC, photocatalysis is defined as the reactions carried out in the

presence of a semiconductor and light or a photoinduced reaction which is accelerated

in the presence of semiconductor as a catalyst [15, 41]. There are two major types of

photocatalysis processes: the homogeneous type where the reactant and photocatalytic

exist in the same phase, for example; coordination compounds, dye sensitizers and nat-

ural figments. Heterogeneous photocatalysis is when the reactant and photocatalyst

exist in different phases, for example; the semiconductor metal oxide.

Figure 1.1: Schematic diagram of the photocatalytic process on the semiconductor
photocatalyst.

As illustrated in Figure 1.1, the process of photocatalysis is a two-half reaction process

involving three steps: the absorption of light by photocatalyst, generation and sepa-

ration of electron-hole pairs and redox reaction at the surface of photocatalyst [11].

The process is initiated by the reaction, when photocatalyst absorbs a photon with
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appropriate energy equal to or greater than its band gap energy. The absorbed photon

creates electron-hole pairs charge separation from the valence band (VB) of semicon-

ductor to the conduction band (CB), leaving a hole-pair charge in the valence band

as the excited electron migrates to the surface. This excited electron is transferred to

a semiconductor surface and reduce any substrate or react with any acceptor like O2

present while the hole-pair left in the valence band is utilized to oxidize water. The

major challenge after electron excitations is the electron-hole charge separation and

transfer to the semiconductor surface, which is a critical step in photocatalytic reac-

tion and its efficiency in semiconductor base photocatalyst, because of the effects of

charge recombination and the lifetimes of photogenerated charge carriers [13]. A se-

vere recombination of photogenerated electron-hole pairs on the surface results in poor

performance of photocatalyst which can be mitigated by an in-built electric field and

the use of high photoconductive semiconductor materials [11, 13]. The efficiency of a

photocatalyst depend on the positions of VB and CB in semiconductor materials. The

top valence band must be more positive than the oxidation potential of H2O (1.23 V)

and the bottom of conduction band must be more negative than the reduction potential

of H+ (0.0 V), or with respect to band edge position derived from flat band potential

to the normal hydrogen electrode (NHE) of vacuum level reduction redox potential of

(- 4.44 eV) and oxidation redox potential (-5.67 eV) [42].

The efficiency or quantum yield of the photocatalytic process is a combination of all

the pathway probabilities for electron and hole. For an ideal photocatalytic system,

efficiency is given by the proportionality relation [42]

φ ∝ kCT
kCT − kR

, (1.2.1)

which is proportional to the rate of charge transfer processes (kCT ) and inversely pro-

portional to the sum of charge transfer rate (kCT ) and the electron-hole recombination

rate (kR) at bulk and surface. For kR = 0 (no recombination), the quantum yield take

the ideal value of one and kCT depends on the diffusion of charge carrier to the surface

in absence of excess surface charge. But in real system recombination can occur because

the concentration of electrons and holes at the surface are not equal. For more detail

reader is invited to read reference [43].

The processes in water splitting to H2 and O2 is an uphill reaction which can be sum-
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marized using the relations [13, 44]

Semiconductor + 2hν → 2h+ + 2e−,

H2O + 2h+ → 1

2
O2 + 2H+(EO2/H2O),

2H+ + 2e− → H2(EH2O/H2
),

H2O
hν−→ 1

2
O2(g) + H2(g).

(1.2.2)

hence, the last equation requires the standard Gibb’s free energy charge ∆G0 of 237

kJ/mol or 1.23 eV. Therefore, to achieve water splitting the photocatalyst must have

energy band gap of > 1.23 (< 1000 nm) and to harvest visible light Eg should be <3

eV (>400 nm) [13, 44, 45].

1.3 Metal chalcogenides (chalcogenidometalates)

Ternary and quaternary metal chalcogenides, the chalcogenidometalates compounds,

with structural complexes A[MyQ] and A[MxMyQ] (A = Alkaline, earth-alkaline; My =

main group of element of group 13 - 15, Q = chalcogenides and Mx = transition metals)

were subject of inorganic materials research since 1970 [32, 46, 47]. The technological

importance of this class of compounds was first made clear in an article by Bedard et al.

[48], where they reported the unprecedented structural chemistry of germanium sulfide

having substantially more pore volume to incorporate many transition metal elements

than most of the microporous oxides. Structural diversity of chalcogenidometalates

anionic [MyQ]n−, [MxQ]n− structure is important in the construction of different phases

using different synthetic method [32] and usually exhibits good physical properties when

semi-metals (Si, Ge, Sn, Sb and Se etc.) ions are present in the anions coordinations

[46]. Some of the ternary chalcogenidometalates reported in the literature are the

thio-germanates (Argyrodites), seleno-germanates, thio-(silicates, borates, gallates and

Indates) and halides of silicon and germanium [46, 49] and their potential application

of magnetic, optoelectronics, nonlinear optical (NLO) has been proven [32, 37, 38].
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1.3.1 Seleno-germanates

Krebs and co-workers pioneered the preparation of thio- and seleno-germanates and the

stannates from the reaction of alkaline metal chalcogenides with MQ2 coordination (M

= Ge, Sn; and Q = S, Se) [49]. The crystal chemistry of ternary seleno-germanates

and stannates with alkaline or earth-alkaline metals were extensively investigated. The

reported crystal structures of the A2MQ4 compounds (A = alkaline or earth-alkaline

metals; M = group 14 elements and Q = chalcogenides) depend strongly on the ratio of

the ionic radii rA/(rM + rQ) [35, 50]. The smaller values of the cation A radius mostly

crystallize in an olivine structure and the larger values take β−K2SO4 structures. Most

of thio- seleno-germanates and stannates are usually built with an isolated anionic block

with the cation M atom in a tetrahedral coordination [MQ4]4− and the cation A atom

are in distorted octahedral coordinations [AQ6] [38, 51]. Many novel compounds with

structural coordinations [M2Q6]6− and [M2Q7] have also been discovered [38]. These

compounds have received attention in recent years because of their structural diversity,

interesting physical properties and potential technological applications [37]. Amongst

these are the ternary seleno-germanate Mg2GeSe4, γ-Sr2GeSe4 and Ba2GeSe4 [38, 35, 36]

for which synthesis, characterization and their applications has been reported.

Mg2GeSe4

Kui et al. [38] investigated and reported the synthesis and characterization of seleno-

germanates Mg2GeSe4 with an olivine Mg2SiO4 structure type [52]. They reported that

Mg2GeSe4 has an orthorhombic structure (space group pnma at room temperature).

The compound has the usual characteristic of isolated tetrahedral [GeSe4]4− units and

the octahedral [MgSe6] coordinations of the chalcogenidometalates, which are connected

together to form the structure. In their experimental measurement, an optical band gap

of 2.02 eV was measured using diffuse reflectance spectra and a 1.57 eV indirect band gap

from a theoretical calculation using density functional theory (DFT). However, to the

best of our knowledge in the literature there is no reported mechanical and dynamical

properties for Mg2GeSe4 nor a careful theoretical investigation of the gap energy.
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γ-Sr2GeSe4

The Sr2SnSe4 and γ-polymorph Sr2GeSe4 are isostructural. These compounds were

synthesized using similar methods [35] and are found to crystallize in an orthorhombic

Ama2 space group. The γ-Sr2GeSe4 polymorph does not behave as a high-temperature

phase, therefore, it cannot be synthesized by quenching of the monoclinic α-Sr2GeSe4

from 1073 K to room temperature. The γ-Sr2GeSe4 has regular tetra of the A2MQ4

compound, but because of the co-existant of eightfold coordination (CN8) and sevenfold

coordination (CN7) with the packing of the tetrahedral it forms a new variant in the

A2MQ4 structure family. Only the synthesis and characterization of γ-Sr2GeSe4 were

reported, while other properties like electronics, mechanical and dynamical stabilities

and optical properties are missing in the literature.

Ba2GeSe4

Assoud et al. [36] reported the synthesis and characterization of single-crystal Ba2GeSe4.

Ba2GeSe4 is reported with Sr2GeS4 structure type in monoclinic space group P21/m at

room temperature. Its yellow appearance suggests a material with a band gap between

2.60 - 3.00 eV. Physical properties of Ba2GeSe4 can be fine-tuned by substituting the

two to three selenium (Se) atom sites with tellurium (Te) to form its isotypic quaternary

ordered variants Ba2GeSe2Te2 and Ba2GeSe1.5Te2.5 with calculated narrowed band gaps

respectively. Ba2GeSe4 can be classified as ortho-germanate with existence of discrete

GeSe4 tetrahedral in the structure. Ba2GeSe4 like γ-Sr2GeSe4 also have two co-existent

polyhedral coordinations, the ninefold (CN9) and eightfold (CN8) selenium to barium

atom. The ninefold (CN9) a tri-prism and eightfold (CN8) a bi-capped prism coordi-

nations together with tetrahedral GeSe4 form the Ba2GeSe4 structure. Co-existence

of 2 types of coordination in this compound and γ-Sr2GeSe4 cannot be unconnected

with slightly larger ionic radii of the cation atoms Ba2+ and Sr2+ which require higher

coordination units (CN) [35] and the balance between the packing of tetrahedral and

the optimal coordination of the large cation within this parking to form the structure.

To our knowledge, the mechanical, dynamic and optical properties of Ba2GeSe4 have

not been discussed elsewhere.
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Ca2GeSe4

Ca2GeSe4 is a hypothetical compound, its synthesis and characterization have not been

reported, but formally, the compound can be formed by substituting Si with Ge in the

Ca2SiSe4 configuration, an olivine Mg2SiO4 structure type [53]. In our recent work [1],

we investigated the structural, mechanical, dynamical stabilities and optical properties

of this compound. The relative stability of Ca2GeSe4 calculated from the formation and

cohesive energies is negative, indicating that it is energetically favourable for given con-

stituents to mix and form a stable Ca2GeSe4 phase. Similarly, the calculated mechanical

and dynamical properties show that Ca2GeSe4 is mechanically and dynamically stable.

Our calculations confirm that Ca2GeSe4 is stable in an orthorhombic structure, pnma

space group.

1.4 Aim and Objectives

We are motivated by the reported good physical properties and structural chemistry

of the chalcogenidomatalates from the group of thio- and seleno-germanates discussed

in Section (1.3) to carry out this study. The aim of this research is to investigate the

structural stabilities, electronic and optical properties, as well as the photocatalytic

properties of a group of compounds known as seleno-germanates.

The objectives of this research are enumerated below:

1. To carry out the structural and electronic properties investigation within density

functional theory.

2. To calculate elastic constants and phonon band structures in order to investigate

the mechanical and dynamical stabilities.

3. To compute the fundamental gap within hybrid functional and many-body per-

turbation theory and optical properties from BSE approximations such as the real

and imaginary parts of the dielectric constant, refractive index, reflectivity, energy

loss, extinction and absorption coefficients.

4. Construct periodic supercell slab two-dimensional (2D) structures of low index

100, 101, 110 and 111 surface facets using the slab-approach in order to perform

the test of convergence to determine the required periodic supercell slab thickness,
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vacuum size and compute surface energy to determine surface facet stability.

5. From the stable surface facet to calculate the surface properties like average elec-

trostatic potential, band gap center (BGC) and work function (Φ).

6. To calculate the electronic structure of the stable surface using density functional

theory in order to determine surface electronic properties.

7. To perform Bader charge analysis, for the assessment of charge depletion and

accumulation on the isosurface.

8. To calculate band edge positions using band gap center (BGC) and crystal bulk

quasiparticle G0W0+BSE band gap.

9. To aligned band edge position the valence band maximum and conduction band

minimum energy with respect to standard hydrogen electrode (SHE) for bulk

using Mulliken analysis and for the surface band-edge alignment with respect to

vacuum potential versus NHE both at pH = 0 and 7. In order to determine their

suitability for photocatalytic applications.

1.5 Thesis structure

The rest of the thesis is structured as follows. In Chapter 2, we introduce the relevant

theoretical background, including the solution to the quantum many-body problem and

density functional theory. In chapter 3, the computational techniques are discussed.

How the relevant theoretical background will be implemented and applicable to com-

putational scheme to study, the ground-state and excited-state properties of bulk, as

well as, the surface properties of extended two-dimensional (2D) structures. In Chapter

4, our calculated results and findings are dicussed. In Chapter 5, we summarize our

findings and give future outlook.



2
Theoretical Background

The outline of the quantum mechanical simulations used in this thesis is presented in

this chapter. The theoretical predictions of material properties are important aspects of

physics and chemistry of materials. In the past few decades, significant advancements

have been recorded in the calculations of complex systems that are experimentally costly

and can be achieved using simulation methods. Some quantities like surface energy, sur-

face facets stability, making interpretation of complex data and predictions of structures

and properties yet inaccessible by experiments or are difficult to quantify experimentally

are relatively made possible theoretically. Furthermore, theory predicts the properties of

a system and explains experimental findings; more importantly the electronic structure

of the system. Density Functional Theory (DFT) plays an important role in this re-

gard. Exchange-correlation functionals such as the local density approximation (LDA)

and generalized gradient approximation (GGA) provide reasonable explanations of elec-

tronic structure of matter. Many-Body Perturbation Theory (MBPT) in the Green’s

Function with screened coulomb interaction approximation (GW) attain substantial ac-

curacy in describing the electronic excitations in solids and their surfaces. These are

discussed underneath.

2.1 Density Functional Theory

In calculating the properties of matter (molecules and solids), Density Functional The-

ory (DFT), recorded tremendous impacts and applications to different problems and

11
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provide the near realistic results, while the field continues to expand [54]. The basic

idea of DFT stem from Hohenberg-Kohn and Kohn-Sham theories [55, 56]; the simpli-

fication of understanding behaviour of a system with the formulation of the problem

that involves the total density of electrons n(r). The aim of DFT, which is a quantum

mechanical theory is to find an approximate solution to the many-body system with the

structure and dynamic of many-electrons systems. These systems comprise of a single

atom, molecules, mesomorphic, solids, layered structure and surfaces. Solving the prob-

lem of these structured systems is an area of concern in Condensed Matter Physics,

Chemistry and Computational Materials Science. From the first principle approach

(DFT), the starting point in the analysis of the electronic structure of matter is to de-

rive the approximate solution to fundamental time-independent many-body Schrödinger

equation with the form of the many-body wave function:

ĤΨ(RI ; ri; t) = i~
∂

∂t
Ψ(RI ; ri; t); (2.1.1)

where Ψ(RI ; ri; t) is the wave function of a many-body system which describes the

quantum mechanical behaviour of the system; RI (I= 1,2,3,...,K) is the position of the

Ith nucleus, ri (i= 1,2,3,...,N) is the position of the ith electron, K are the number of

nuclei and N are the number of electrons. In Equation 2.1.1 spin dependance has been

suppressed for simplicity of notation.

2.1.1 Many-body problem

In describing the properties of matter from the first principle approach, the starting

point is non-relativistic Scrödinger equation, Hamiltonian of a coupled electron-nucleus

system [57]. The Hamiltonian discussed here is strictly non-relativistic and the nuclei

are point particles characterised by mass, charge and magnetic moment only. Thus,

discussion on spin is left out. Interactions between the charged particles are given by

instantaneous and spin-independent coulomb interaction of the form:

Ĥ = − ~2

2me

N∑
i=1

∇2
i −

P∑
I=1

N∑
i=1

ZIe
2

|RI − ri|
+

1

2

N∑
j 6=i

N∑
i=1

e2

|ri − rj |
−

N∑
I=1

~2

2MI
∇2
I

+
1

2

P∑
I=1

N∑
J 6=I

ZIZJe
2

|RI −RJ |
,

(2.1.2)
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With the general form of the Hamiltonian given as:

Ĥ = T̂n + V̂nn + T̂e + V̂en + V̂ee. (2.1.3)

Where T̂n is the kinetic energy of K nuclei of the system, V̂nn the repulsion interaction

among nuclei, T̂e kinetic energy of the electron, V̂en interaction between nuclei and

electron and V̂ee the interaction between electrons.

The analytical solution of the time-independent schrödinger equation (2.1.1) for an

interacting system of (m+M) particles is difficult even for a small system. Several

approximations are required for a solution to be attained. Born-Oppenheimer Approx-

imation [58] de-coupled the time-independent schrödinger equation and the simplified

Hamiltonian. In Born-Oppenheimer approximation the ion core is so massive than the

electrons, its characteristic velocity is much slower. The electrons generally react so

quickly that the ion cores can be considered stationary. This allows to separate the

degree of freedom of the electron and nuclei [59] and allows the electronic part of the

Hamiltonian to be de-coupled:

Ĥ = − ~2

2me

N∑
i

∇2
i −

∑
i

Vext(ri) +
1

2

∑
i=j

e2

|ri − rj |
. (2.1.4)

The external potential Vext(r) in equation (2.1.4) is the attractive potential exerted on

the electrons due to the nuclei and account for the electron-nuclei interaction. The

validity of Born-Oppenheimer approximation is based on the huge difference of mass

between ions and electrons (three to five orders of magnitude), making the former

behave like classical particles [54]. The only exception to this are the lightest elements

(especially hydrogen H), where the ions have to be treated as quantum mechanical

particles. Since the theory merely considers only the classical point charges and masses

exerting a potential on the fully quantum mechanically treated electrons, it therefore

fails to account for electron-phonon interaction in solids.

2.1.2 Thomas-Fermi Model

In an attempt to calculate the energy of an electronic system quantitevely in terms of

its density. Thomas-Fermi [60, 61] proposed that many-electron wave function can be

replaced by non-interacting quatinty, such as the electron density n(r) as a fundemental
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quantity. They proposed an expression for total energy of an electronic system as

a function of density, where, electron is considered as non-interacting particle in a

homogeneous gas whose density is equal to the local density at any given point.

They arrived at a simple expression of the kinetic energy:

TTF [n(r)] =
3

10
(3π2)

∫
n

5
3 (r)dr, (2.1.5)

and energy is derived from the combination of TTF [n(r)] with classical approximations

of nuclear-electron attraction and electron-electron repulsion respectively

ETF [n(r)] = TTF [n(r)]− Z

∫
n(r)

r
dr +

1

2

∫∫
n(r1)n(r2)

r1,2
dr1dr2. (2.1.6)

In the Thomas-Fermi model, the exchange and correlations are neglected. Dirac [62]

introduces the exchange into Thomas-Fermi model and formulated a local approxima-

tion for exchange electron energy functional Thomas-Fermi-Dirac (ETFD) in an external

potential Vext as:

ETFD[n] = Ck

∫
d3rn(r)

5
3 +

∫
d3rVext(r)n(r) + CX

∫
d3rn(r)

4
3

+
1

2

∫∫
d3rdr′

n(r)n(r′)

|r− r′
.

(2.1.7)

where Ck = 3
10(3π3)

2
3 =2.871 and CX = 3

4( 3
π )

1
3 = 0.739 are Hatree constants [63] with∫

d3rn(r)
5
3 the local density approximation to kinetic energy,

∫
d3rVext(r)n(r) is ex-

change terms and 1
2

∫
d3rdr′ n(r)n(r′)

|r−r′ is classical electronic Hartree energy [57, 62, 63]

respectively.

Now that the energy as a function of density n(r) including the exchange is derived in

Thomas-Fermi-Dirac (TFD) expression, the correct density needed is determined with

help of Variational principles, subject to constraint that the total integrated charge be

equal to the number of electrons
∫
n(r)dr = N [63]. The ground state energy is obtained

from minimized ETFD subject to constraint via the Lagrange multiplier energy µ read

as:
δ

δnr

(
ETFD[n]− µ

∫
n(r)dr

)
= 0. (2.1.8)

Although, the Thomas-Fermi and TFD models are remarkable in approximating the

kinetic energy of the system of electrons as an explicit functional of the density and
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provide for a simple crude description of inhomogeneous systems, they fall short of

basic Physics and Chemistry of the shell structure of atoms and binding of molecules;

and therefore are not very successful in chemical applications. Hohenberg and Kohn [55]

provides extension of the work of Thomas-Fermi-Dirac method and their limitations.

2.1.3 Hohenberg and Kohn Theorems

The Hohenberg and Kohn theorems generalized the Thomas-Fermi method to any kind

of electron system and formulate an exact theory of many-body system that established

the basis of DFT. The formulation of N-electron and M-nuclei systems applicable to

any system of an interacting particle in an external potential (Vext) and to the system

with electrons and fixed nuclei, where the Hamiltonian can be written in the form:

Ĥ = − ~2

2me

N∑
i

∇2
i −

∑
i

Vext(ri) +
1

2

∑
i=j

Z
e2

|ri − rj |
. (2.1.9)

Hohenberg and Kohn suggested two theorems which are the basis of density functional

theory:

Theorem 1 states that, for any system, the external potential Vext is univocally deter-

mined by the ground state electronic density n0(r) beside trivial additive constant [63].

Theorem 2. states that, for a trial density ñ(r) that is non-negative ñ ≥ 0 and nor-

malized to N =
∫
ñ(r)d3r associated with external potential Ṽext, define the minimum

variational energy Ev which is a functional of density [55].

The implicaton of the statements above is that, there are no two different external

potentials Vext that gives the same ground-state density, hence, associated with the

ground-state density n0(r) there is a one-one mapping of external potential Vext in the

Hamiltonian and the non-degenerate ground state wave function. Therefore, Vext, |ψ0〉
and n0(r) determined each other uniquely. The ground-state properties of a system is

a unique functional of ground-state density.

Since any of the observable ground state properties are uniquely determined if the

density is specified, then such property can be viewed as density functional including the

total variational energy functional EHK [n]. Therefore for any given ground state energy

EHK [n0], there exists universal functional FHK [n0] which does not depend explicitly on

external potential but depend on the electronic density [63]. If this universal functional
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is known, minimizing the system of total energy with respect to variation in density will

give the exact ground state density and energy [55].

However, the HK theorem does not give an explanation on explicit form FHK [n] of

EHK [n] that gives the ground state energy and moreover, the theorem motivation is for

the only non-degenerate system. Levy [64] and Lieb [65] used constraint search method

to extend HK theorem reformulation and guarantee the antisymmetry origin of density

from non-degenerate cases to degenerate cases. A decent discussion and proof of these

theorems is provided therein [55, 64, 57, 63].

2.1.4 Kohn and Sham DFT-Approach

Kohn and Sham (KS) [56] used the HK theorems of interacting electrons and proper-

ties of uniform electron density/homogeneous electron density, to study the real (i.e.

inhomogeneous) system. KS reformulated the problem and made it more practical by

proposing the Ansatz upon two assumptions: (i) that the exact density can be replaced

by density from a non-interacting electron system and (ii) the auxiliary Hamiltonian is

chosen to have the usual kinetic energy operator and an effective potential Veff acting

on an electron at a point (r) [57]. Kohn-Sham replaced the many-body interacting

system with the auxiliary non-interacting system having the same density such that

properties of the system can be calculated with an independent particle method. Thus

in this approach, the total energy can be written in the form:

EKS [n] = Ts[n] +

∫
d3rVext(r)n(r) +

1

2

∫∫
d3rd3r′

n(r)n(r′)

|r− r′|
+ EXC [n] (2.1.10)

where the first three terms are the independent kinetic energy of non-interacting electron

with density, the external potential contribution due to the nuclei and any other external

field and the Hartree energy (the Coulomb energy of the density treated by classical

charge). The last term EXC [n] is the exchange and correlation energy of the interacting

system, which is a functional of the density. The implementation of KS formalizations

is to define an acceptable approximation of EXC [n] functional which is unknown.

Accordingly, the KS auxiliary system is solved by minimizing the KS total energy and

the product is like Schrödinger’s one-particle equation (the Kohn-Sham equation) with

an auxiliary wave function Ψ(r) known as Kohn-Sham orbital and potential VKS as

effective potential or the Kohn-Sham potential. KS orbital is an auxiliary function
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for calculating electron density. The relation between the auxiliary non-interacting

system and the real, interacting system is the effective potential. Thus, the VKS is

equal to the sum of Vext, VH and VXC the external, Hartree and exchange-correlation

potentials respectively, for the electronic density of two systems to be equal. The

unkown VXC = δEXC
δn(r) . Therefore, the KS formalism is exact and would lead to an exact

ground state of an interacting many-body system, provided EXC is known by solving

KS equation self-consistently.

2.2 Solution of Kohn-Sham equation

2.2.1 Exchange-correlation functional

The KS formalization so far has been exact, the crucial quantity is the exchange func-

tional EXC [n] of density for which the explicit form is unknown. Knowing this quantity

is of great importance in DFT calculations of material properties. The need for more

accurate calculations led to the developments of the hierarchy of exchange-correlation

functional approximations namely, the local density approximation (LDA), Generalized

Gradient Approximation (GGA), meta-GGA and hybrid functional (hyper-GGA and

RPA) referred to as Jacob ladder constructed by adding the ingredient to KS orbital

[66, 67]. For the purpose of this thesis, here we discuss the GGA, meta-GGA and hybrid

functional approximations.

2.2.2 Generalized Gradient Approximation (GGA)

The GGA is an extension of Local Density Approximation through the addition of the

gradient correction to the local density which would account for non-homogeneity of

the true electron density. The scheme is found to be applicable to surface calculations,

as well as the extensive self-consistent calculations of energies and densities in atoms

[68, 69]. The general form of Generalized Gradient Approximation (GGA) takes the

form [69]:

EGGA
XC [n↑, n↓] =

∫
d3rnεGGA

XC (n↑, n↓,∇n↑,∇n↓). (2.2.1)

where ∇n↑ and ∇n↓ are the density gradients and εGGA
XC is exchange-correlation energy.

Perdew-Burke-Ernzerhof (PBE) [69] and the revised Perdew-Burke-Ernzerhof (PBEsol)
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[70] are the most popular used GGA in describing equilibrium properties of solids.

2.2.3 Meta-GGA

Meta-GGA, the third rung of Jacob ladder, takes into consideration all the ingredient

of local spin density (LSD) which is exact for uniform electron gas [56, 71] and that of

generalized gradient approximation (GGA) exchange-correlation energy [69]. Further-

more in Meta-GGA, the ingredient of semilocal information, the second-order gradient

expansion of density or kinetic energy density of occupied Kohn-Sham orbitals are all

added. Given in a summarized Equation [72, 73]:

EXC [n↑, n↓] =

∫
d3rnεXC(n↑, n↓,∇n↑,∇n↓, τ↑, τ↓), (2.2.2)

where τ is Kohn-Sham orbital kinetic energy.

Some of the prominent meta-GGA functionals are TPSS [74], RTPSS [73], M06L [75]

and MBJ, the modified Becker Johnson potential [76] in combination with LSDA [76]

yield band gaps similar to hybrid functional and GW. Hence, we employed MBJ in

electronic band structure calculations in chapter 4.

2.2.4 Hybrid-functional

The Hartree-Fock (HF), local density approximation (LDA) and the GGA approxima-

tions have greatly influenced the study of the many-electron system (atoms, molecules

and solids). However, the trend of HF differs with that of LDA and GGA. HF provides

a good description of the atomistic core region, whereas the LDA and GGA provide

an accurate description of exchange-correlation involving the valence electrons. Hybrid-

functional is a unification of the two approaches. A.D Becke [77] derived a new coupling

of the two theories using the adiabatic connections. Other early methods were proposed

in references [78] and [79]. The general form involved a DFT correlation with a combi-

nation of DFT and HF-exchange given in the form [63]:

EhybX C = αEHFX + (1 + α)EDFTX + EDFTC (2.2.3)

The most popular hybrid-functionals are B3LYP [80], PBE0 [81] and Heyd-Scuseria-

Ernzerhof (HSE) [82] exchange-correlation functional. In chapter 4 of this thesis HSE
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is used for the description of electronic properties because, HSE improve computational

efficiency using error function to split the coulomb operator into short-range (sr) and

long-range (lr); (1
r = Sw(r) + Lw(r)).

2.2.5 Planewave basis set

The choice of basis set is a step toward in solving the Kohn-Sham equation. Among the

type of basis sets used as a choice are the plane waves, linear augmented plane wave,

linear muffin-tin orbitals etc. For the expansion of Kohn-sham orbital, VASP [83, 84]

uses plane-wave basis set. Bloch’s theorem [85] suggest the plane-wave character of the

wave function and set the stage for plane-wave basis set. The theorem states that in a

periodic solid, the wave function of an electron can be expressed as the product of plane

wave (eik.r) and a function with the periodicity of the lattice uk(r). The KS orbital is

expanded and solved in the KS equation to obtain [57]:

∑
G

[(
~

2m
|k + G|2)δGG′ + V σ

KS(G−G′)]ci,k+G′ = εici,k+G′ (2.2.4)

where k is the wave vector, G the so-called reciprocal lattice vector, 1
2 |k + G|2 is

truncated for accurate calculation by fixing the energy cut-off; V σ
KS(G − G′) is the

Fourier transform of the effective KS potential and ci,k+G′ is coefficient that is set to

determine the lowest energy solution.

For the extended system periodic in two dimensional (2D), eikr is a plane wave and

uk(r) is the periodic function of the crystal lattice in the supercell given by uk(r + L),

L is one of lattice vectors in periodic crystal, similar to the crystal bulk the solution

to KS orbital take the form of equation 2.2.4. The two parameters that determine

the accuracy of the calculation in DFT under the periodic boundary condition are the

choice of k-point sampling and cutoff energy for expansion of the plane wave. For the

extended system, the reciprocal vector depends on the size of the supercell and hence

is more convenient to truncate the cutoff energy as:

ECut ≤
1

2
(|k + G|2) (2.2.5)
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2.2.6 k-space and Brillouin zone

According to Bloch’s theorem, the expression Ψk(r) = eik.r ∗uk(r) is a wave function of

an electron in an external periodic potential. From this expression there is a particular

class of vector k such that with phase factor eik.ai = 1 and thus the wave function

is in phase in all the periodicity replica of the unit cell. Hence set of three smaller

independent vector of such vector are sufficient to determine all the reciprocal lattice

vectors, in the same way as with the primitive lattice vectors in real space [63].

The primitive or Wiegner-Seitz cell defined from a reciprocal lattice using the vector k

in reciprocal space is called the Brillouin zone [63].

2.2.7 Pseudopotential

When the choice of basis set is plane wave type, core electron of the atom becomes

computationally expensive because they are localized. These means that a large number

of the plane-waves are required to expand the wave functions. In order to address

this problem, the pseudopotential approximations allow the electronic wave functions

to be expanded using a much smaller number of plane-waves basis states [86] and it

accounts for the complex nodal character of the valence orbital [87]. Furthermore, it is

a well-known fact that most of the physical properties of a solid are dependent on the

valence electrons to a much greater extent than the core electrons. The primary role of

core electron wave functions is to ensure the proper orthogonality between the valence

electrons and core states. Consequently, it is desirable to eliminate the core states

altogether by replacing their action with effective potential or pseudopotential [63]. For

an accurate description of bonding properties of true potential and to reproduce all-

electron calculations, a careful construction of a pseudopotential is required. The origin

of pseudopotential approaches can be traced back to Philips and Kleinman [88], while

in the pseudopotential used are the norm-conserving pseudopotentials [89, 90] recent

time, and Vanderbilt ultra-soft pseudopotential [91, 92] to mention a few. The VASP

package used in this calculations uses ultra-soft Vanderbilt pseudopotentials (US PP)

or the projector-augmented wave (PAW) method to the basis-set as small as possible.
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2.3 Many-body perturbation theory (MBPT)

The Kohn-Sham density functional approach is the method of choice when interested in

the ground state properties of many-electron system [56, 93, 94]. It provides the exact

structural and some ground state physical properties of many solids. However, some of

the drawbacks of KS-approaches are an underestimation of some semiconductors and

insulators band gaps and failure to correctly predict excited state energies [94]. Since

there is no formal justification to interpret the DFT eigenvalues for unoccupied states

in quasiparticle energies [95, 87]. The widely used approach to quasiparticle energies

and the spectral wave function is the many-body perturbation calculations based on

quasi-approach the GW Green function method [59, 96, 97, 94].

2.3.1 Quasiparticle

Friedrich and Arno [98] illustrate single-particle as a quasiparticle from an experimen-

tally measured indirect or direct photoelectron spectroscopy. Relative to the ground

state N-electron system, the addition or removal of an electron in photoelectron spec-

troscopy creates or annihilates an ensemble consisting of the bare electrons and it’s

oppositely charged Coulomb hole. This so-called ensemble behaves in many ways like

a single-particle and is thus called quasiparticle. The Coulomb hole reduces the to-

tal charge of the quasiparticle and hence, the interactions between the particles are

screened and considerably weaker and therefore we have a system of the weakly inter-

acting particle (quasiparticle). The idea of this quasiparticle was first introduced by

Laudau [54, 59] that the property of strongly interacting system can possibly be treated

in terms of constituents of weakly interacting particle. In such a case, one formu-

lates a perturbation theory beginning with non-interacting particles as the unperturbed

state, usually, the fictitious non-interacting particles involved in the Kohn-Sham formal-

ization [59]. The difference between quasiparticle and bare particle is described by the

quantity self-energy operator Σ, a non-Hermitian, energy-dependent, non-local operator

that described the exchange and correlation effects beyond the Hartree approximation

[96]. However, the successful approximation of the excited states in semiconductors and

insulators is based on evaluation of the quasiparticle equation, and an adequate approx-

imation of the self-energy operator Σ. These require rigorous quasiparticle formulation

in a green function approach [97, 96].
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2.3.2 GW approximation

The solution for self-energy operator as well as the one-particle Green’s function can be

obtained from the many-body problem, but their exact expression is not known exactly

[99, 100]. The solution requires the two-particles Green’s function [101], a method

which is complex and not practicable. Hedin [97] proposed the practical solution of self-

energy operator from the method of GW approximation, which defined the electronic

self-energy as a product of the Green function G and screened interaction W . The

method is simply an extension of HF theory by replacing the bare Coulomb interaction

with a dynamical screened interaction W . In the formulation Hedin uses one-particle

Green’s function equation in conjunction with Dyson equation to introduce five set of

equations in five variables to get the exchange-correlation, which are the single-particle

operator G, self-energy Σ, screen interaction W , polarizability P and vertex function Γ.

These set of five equations are solved self-consistently without further approximation.

A detailed discussion of the so-called Hedin equations can be found in the references

[97, 94, 100, 96, 63].

In the actual calculations, these set of Hedin equations are solved self-consistently [100],

the vertex function is set to one (Γ=1) everywhere and thus the screen interaction W

is calculated in the random phase approximation. The time-ordered dielectric matrix

ε(r, r′, w) are determined from the irreducible polarizability P using the Hartree or

random phase approximation (RPA).

The GW method is still computationally expensive. Only the Green function G in

the Hedin’s equations exhibits the external potential via the non-interacting G0. All

other equations are universal and can be used to create the quantity of interest with

increasing accuracy. The most simpler scheme of GW is the first iterative method G0W0

[94, 100] with DFT instead of Hartree as a starting point, where the Green function G

is replaced by non-interacting G0 in the GW approximation energy expression. Thus

one calculates the corresponding non-interacting irreducible polarizability P (12) and

the corresponding screened interaction W0 to obtain the self-energy Σxc = −iG0W0.

These methods have become the standard ingredient of condense matter calculations and

recorded successes in improving the DFT exchange-correlation energy and description of

one-particle excited states [96], the procedure become increasingly too difficult iterating

further due to neglect of order contribution in the vertex function (so-called vertex

correction).
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2.3.3 Bether-Salpeter equation (BSE)

The description of excitation state requires propagation of two particles (electron-hole

pair) which is beyond the one-particle Green function GW approach. GW approach

required the improvement in the response functions to account for two-particle Green

function. The electron-hole pairs interaction can now be included by adding the vertex

correction in vertex function which is beyond the RPA. This is done by including the

vertex function Γ into polarizability function equation P through the second iteration

and solve for polarizability 3P , four-point screened-interaction function 4W (1,2,3,4) and

four-point Kernal function K(1,2,3,4) [102, 103]. In practice to perform BSE calcula-

tions requires one first to determine the static screened electron-hole interaction term

W (x,x′;ω=0) and the quasiparticle bandstructure, typically from a GWA calculation

[104, 103]. With this the effective two-particle Hamiltanion H2P is built, H2P is diago-

nalized to derive the expression of macroscopic dielectric function εM (ω) directly related

to measurable quantities. If one considers the positive resonance part of H2P the re-

sultant operator is Hermitian and its eigenstate orthogonal [102, 103]. H2P contributes

to the bare Coulomb interaction called the electron-hole exchange and contribution due

to the screen electron-hole W is responsible for the appearance of bound states, and it

can even lead to hydrogen like spectral features in insulators [102].

2.4 Surface properties

2.4.1 Work function and Electrostatic potential

At zero temperature work function Φ illustrated in figure 2.1 is defined as the energy

difference between potential energy of an electron in a vacuum and the maximum energy

of one-particle states (the Fermi-energy) [105]. For a crystal of N -electron with energy

EN in its ground state at its initial stage and an electron is removed from the crystal

and assumed to be at rest, accordingly it has only electrostatic potential energy Evac.

At final stage the crystal is N − 1 electron in its ground state with energy EN−1 [106].

Therefore, the work function is the energy required to remove an electron from the

crystal and it is evaluated from the relation

Φ = (EN−1 + Evac)− EN = Evac − EFermi. (2.4.1)
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where in comparison EFermi = EN − EN−1 and Evac are the Fermi-energy and elec-

trostatic potential respectively. For the theory of work function we refer reader to

references [107, 105]

0 0.2 0.4 0.6 0.8 1

z (Å)

-2

-1

0

1

2

3

4

5

En
erg

y (
eV

)

Work function Φ

E
vac

E
Fermi

BULK (CRYSTAL)

Figure 2.1: The schematic diagram of energy bulk crystal and work function Φ.

2.4.2 Surface dipole moment

The charge imbalance created due to the construction of periodic supercell slab in the

presence of surface leads to a formation of surface dipole moment. The surface dipole

moment is charge imbalance created, with a slightly positive net charge just below

the surface and a slightly negative net negative charge just above the surface [54].

According to Tasker [108] there are three type of surface ionic or partly ionic crystal,

the type1 neutral surface with an equal proportion of anion and cation in the plane,

type2 charge surface with no dipole in the periodic perpendicular arrangement and type3

charge surface with a dipole in the periodic perpendicular arrangement. We use DFT

in the surface calculation with the plane-wave basis set pseudo-potential code and it is

necessary to embed a slab with two surfaces in a periodic supercell. Plane-wave method

creates an artificial uniform electric field in the supercell vacuum region, in order to

cancel the potential jump at the boundary by imposing periodic boundary condition

on the electrostatic potential. The macroscopic artificial electrostatic field arising due

to the imposed boundary condition can be corrected using the dipole correction which

compensates for the artificial field in the vacuum region in the supercell [109, 110]. One

of the methods used is to switch on LDIPOL-tag in VASP.
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2.4.3 Bader analysis

Bader analysis is a useful tool for calculating the number of valence electrons associated

with a particular ion in a periodic solid. An approach proposed by Bader [111], the

method involves analysing the topological features of the electron density around an

atom (or ion), which is then divided into Bader basins associated with each atom.

Inside the Bader basin, the electron density is summed up and the Bader charge for each

atom is determined. This technique provides an analysis of charge accumulation and

depletion on periodic slab isosurface. Charge density analysis helps to understand the

concentration of charge accumulation and depletion on the isosurface which is likely to

reduce charge recombination and enhance easy charge transfer that produces a valuable

result in assessing photoelectrochemical (PEC) material.



3
Computational Details

In this chapter, we outlined the aspect of density functional theory (DFT); many-body

perturbation theory as discussed in chapter 2 and some mathematical aspects and show

how these can be utilized in calculating the ground state and optical properties of crystal

bulk systems. The chapter continues with surface modelling, where a periodic supercell

surface is created with optimized crystal bulk (the extended two-dimensional system)

and how the DFT and some mathematical aspect are used for structural optimization;

calculations of: surface energy, average electrostatic vacuum potential, work function

and band edge positions of the extended system.

3.1 DFT Calculations

All calculations for the bulk unit cells of A2GeSe4 (A = Mg, Ca, γ-Sr and Ba) were per-

formed within the framework of density functional theory (DFT) as implemented in the

Vienna ab initio Simulation Package (VASP) [83, 112]. VASP implements DFT based

on pseudopotentials and plane-wave basis set, with projected-augmented-wave (PAW)

[113, 114] formulation for the description of electron-ion interactions. The ground state

energy was calculated within the Perdew-Burke-Ernzehof generalized gradient approxi-

mation (PBE) [69] and its variant optimized for solids, PBEsol [70], for the description

of electron exchange-correlation energy and a plane wave cut-off energy of 520 eV. For

A2GeSe4 (A = Mg, Ca, γ-Sr and Ba), unit cells were sampled with 2× 4× 6, 6× 4× 4,

8×8×4 and 6×6×4 kpoint meshes respectively using the Monkhorst-Pack scheme for

26
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sampling the Brillouin zone. The energy converging criteria for electronic self-consistent

iteration and ionic relaxation loop is set to 10−8 eV. Equilibrium structural optimiza-

tions were performed on the primitive cell of the structure. For the simulation of surface,

we have used the periodic slab supercell approach consisting of A2GeSe4 (A = Mg, Ca,

γ-Sr and Ba) unit cell layer infinite in the x and y direction and separated in z-direction

by vacuum layers thick enough to eliminate the surface-surface interaction. Similarly

to the bulk, all calculations are performed using the Generalized Gradient Approxima-

tion (GGA) variant optimized for solids PBEsol [70] chosen based on its accuracy in

calculating the bulk materials ground states properties compared to experiment. Ionic

relaxation of slab geometries were performed on a (1×1) supercell of A2GeSe4 (A = Mg,

Ca, γ-Sr and Ba) cleaved in 100, 101, 110 and 111 low-index surface facets constructed

from the optimized bulk unit cells using the automatic flow (AFLOW) package [115].

On the relaxed structure, the test was performed to ensure the convergence of total

energy within (1 MeV per atom) with respect to the number of layers in the slab up to

9-15 layers and vacuum size to about 15 - 40 Å. Sufficient kpoints were generated using

automatic flow (AFLOW) [115] that automatically generate kpoints and k-path for ac-

curate bandstructure calculations. Gamma-centered kpoint grids sampling of 7× 5× 1

for Mg2GeSe4, 6 × 6 × 1 for Ca2GeSe4, 7 × 7 × 1 for γ-Sr2GeSe4 and 5 × 5 × 1 for

Ba2GeSe4 respectively with plane-wave basis cutoff energy of 520 eV were used for ionic

relaxation, convergence test, surface energy and bandstructure calculations. From the

calculated KS bandstructure eigenvalues of the surface period slab unit cell, we locate

the band gap center (BGC) half-way between the KS valence band maximum VBM and

KS conduction band minimum CBM using the method of Janak’s theorem, an extension

of Perdew and Levy’s proof for non-metallic systems. This method is used by Toroker

et al. [116] in periodic surface calculations. Position of BGC relative to vacuum would

be obtained by taking the energy difference of the calculated electrostatic potential in

a vacuum region and the energy of the KS-BGC [116]. Band edge position relative to

vacuum were computed from the combined bulk and surface calculations, the non-self

consistent Green function quasiparticle G0W0+BSE band gap calculated from crystal

bulk and BGC from surface geometry using the relation

EVBM = BGC − 1

2
Eg, (3.1.1)

ECBM = BGC +
1

2
Eg. (3.1.2)
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where Eg is the quasiparticle G0W0+BSE band gap calculated from bulk unit cells

calculations.

Similarly, the EVBM and ECBM absolute band edges are also calculated using the

method of Mulliken’s absolute electronegativity of atoms [117], the so-called (EN) model

for the bulk semiconductor. Based on EN model, the EVBM and ECBM energy band

edges can be calculated using the equations given by

EVMB = χ− Ee +
1

2
Eg, (3.1.3)

ECBM = EVBM − Eg, (3.1.4)

where χ is the Mulliken electronegativity. For ternary AxMyQz electronegativity χ is

geometric mean of electronegativities for constituent atoms [118, 119]. Employing the

method used for binary compound, χ is calculated for ternary compound using equation

χ =
[
χx(A)χy(M)χz(Q)

] 1
x+y+z [119], Ee is the energy of free electron hydrogen scale

(4.5 eV) and Eg is the calculated bulk G0W0+BSE band gap.

The calculated valence band maximum and conduction band minimum positions are

aligned relative to redox potential of reduction and oxidation of water at pH = 0 and 7

on standard hydrogen electrode (SHE) respectively.

3.2 Electronic structure

From the optimized structures, all electronic structure calculations were performed using

four exchange-correlation functionals namely, the PBE-GGA [69], PBEsol [70], MBJ

potential [76] and HSE06 [82] hybrid.

3.3 Calculations of structural properties

3.3.1 Cohesive energy and formation energy

The cohesive energy (Ecoh) referred to as the binding energy, is the negative energy

of substance (solid or liquid) evolved when crystalline solid is formed from infinitely

separated atoms or energy required to break all the bonds associated with one of its
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constituents molecules into neutral free atom at rest and finite separation. The for-

mation energy (Eform) provide insight into the material fundamental aspect of phase

equilibrium and stability. Within the DFT calculation cohesive energy is computed as

the difference between total energy per atom of the bulk of crystal unit cell at equilib-

rium and energy of a free atom in its ground state [120, 121]

Ecoh = Ebulk −
N∑
A

EA, (3.3.1)

where EA is the atomic energy for each atom belonging to the bulk unit cell and N is

the number of atoms in a bulk unit cell.

Similarly, the formation energy is calculated using the following equation as defined by

[122],

Eform(AxByCz) =
(AxByCz)− xE(A)− yE(B)− zE(C)

x+ y + z
, (3.3.2)

where x, y z are the number of non or metallic atoms, AxByCz is a compound total

binding energy and E(A, B, C) is the binding energy per non or metallic atom.

The significance of computing the cohesive and formation energy is to determine the

structural relative phase stabilities among the structures; the lower the cohesive energy

the better the stability [123]. The more negative formation energy, the more energet-

ically favourable stable are the constituent atoms mixed to formed stable compound

[124].

3.3.2 Bulk modulus and its pressure derivative B′

In an ab initio calculation, the bulk modulus B is usually obtained from fitting the

calculated energy-volume data to empirical forms of the equation of state (EOS) and

evaluated at minimum [120]. A2GeSe4 compounds considered in this thesis are in or-

thorhombic and monoclinic symmetries, the energy-volume data are generated from full

structural relaxation of a set of volume compressed or expanded unit cells [125]. The

bulk modulus from standard definition is [120, 125] expressed as;

B0 = −V0
∂P

∂V
= −V0

∂2E

∂V 2
, (3.3.3)
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where V0 is the equilibrium volume obtained from the full structural relaxation, E the

binding energy and the pressure P = −∂E
∂V is obtained from the calculated energy-

volume curve.

The pressure derivatives of bulk modulus theoretically from the equilibrium volume are

given by

B′0 =
∂B

∂P

∣∣∣∣
P=0

=
1

B0

(
V

∂

∂V
(V

∂2E

∂V 2
)

)∣∣∣∣
V=0

. (3.3.4)

3.3.3 Equation of state and lattice parameters

Using the equation of state (EOS) the relationship between pressure-volume-temperature

(P,V,T) is established [126, 127]. EOS provides answers to some fundamental theories

of solid state, it helps in evaluating thermodynamical properties of materials. Some

empirical and analytical methods of EOS are proposed [126], including the method

proposed by Birch-Murnaghan [128] and modelled approach by Born-Mayer and Buck-

ingham. In this work, we used the third-order non-linear Birch-Murnaghan equation of

state [128] which is found to be successful in approximating EOS of solid [129]. The

Birch-Murnaghan equation of state at zero pressure is expressed as [126, 130].

E(V ) = E0 +
9V0B0

16

{[(
V0

V

) 2
3

− 1

]3

B
′
0 +

[(V0

V

) 2
3

− 1

]2[
6− 4

(
V0

V

) 2
3
]}
, (3.3.5)

Where the E0, V0 and B0 are the equilibrium energy, volume and bulk modulus at zero

pressure respectively. Similarly, the volume-dependent pressure equation is given as

stated by [126, 130]

P (V ) =
3B0

2

[(
V0

V

) 7
3

−
(
V0

V

) 5
3
]{

1 +
3

4

(
B

′
0 − 4

)[(
V0

V

) 2
3

− 1

]}
. (3.3.6)

The fully relaxed structure from PBE and PBEsol are used to performed the EOS static

calculation using the Blöchl tetrahedron correction to extract energy. From the obtained

energy, least-square method with third-order Birch-Murnghan equation of state [128]

the curve of energy as a function of volume is fitted, from which the lattice parameter

are extracted and B0, B
′
0, V0, E0 are also the fitting parameters [130].
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3.4 Stability properties

Structural stability is studied both theoretically and experimentally, the DFT calcu-

lation of elastic constant and phonon dynamics provide a way to study the structural

stability of crystalline structures. Stability of a structure can only be guaranteed un-

der the condition satisfying the elastic and dynamical stability under the influence of

external force and in the harmonic approximation. The condition that elastic con-

stant satisfies Max Born [131] mathematical sufficient stability conditions and all the

phonon modes have only the positive frequencies [132]. Here in this work, we consider

an orthorhombic and monoclinic structures as previously stated, thus we discuss the

computational detail of elastic and dynamic stabilities for the purpose of establishing

or otherwise their structural stability.

3.4.1 Elastic stability

For bulk materials the study of elastic properties of solid matters (the elastic constant)

have a great significance in the area of scientific research and technology [133]. The elas-

tic constants describe the mechanical modulus of material, they provide very important

information on the nature of forces, stability and stiffness of material. Structural sta-

bility or otherwise can be defined from the stability condition, and it is nothing but

the positive definiteness of the macroscopic deformation that is expressed in the form of

inequalities for the elastic constant [134]. In first principles calculation the single-crystal

elastic constants are calculated from the energy-strain and stress-strain approaches. In

this work, energy-strain approach: total energy as a function of appropriate lattice de-

formation is used to calculate the elastic constants Cij(i, j = 1, 2, 3, 4, 5, 6), and elastic

constants are extracted from fitted curve of total energy ∆E versus strain δ. The elastic

strain energy is given by U = ∆E
V0

= 1
2

∑6
i

∑6
j Cijeiej , where ∆E is the energy difference

, V0 is the initial volume of unit cell, Cij is the elastic constants and ei, ej is the strain.

Orthorhombic structure have nine independent elastic constant, for stable orthorhombic

structure the independent elastic constants should satisfy the Born stability criteria

[132, 135]:

C11 > 0;C11C22 > C2
12;

C11C22C33 + 2C12C13C23−

C11C
2

23 − C22C
2

13 − C33C
2

12 > 0,

(3.4.1)
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Similarly, for stable monoclinic [135]

C11 > 0;C22 > 0;C33 > 0;C44 > 0;C55 > 0;C66 > 0;[
C11 + C22 + C33 + 2(C12 + C13 + C23)

]
> 0;(

C33C55 − C2
35

)
> 0;

(
C44C66 − C2

46

)
> 0;(

C22 + C33 − 2C23

)
> 0;[

C22(C33C55 − C2
35) + 2C23C25C35 − C2

23C55 − C2
25C33

]
> 0;{

2
[
C15C25(C33C12 − C13C23) + C15C35(C22C13 − C12C23)

+ C25C35(C11C23 − C12C13)
]
−
[
C2

15(C22C33 − C2
23)

+ C2
25(C11C33 − C2

13) + C2
35(C11C22 − C2

12)
]

+ C55g
}
> 0,

(3.4.2)

where g = C11C22C33 − C11C
2
23 − C22C

2
13 − C33C

2
12 + 2C12C13C23.

Voigt-Reuss-Hill (VRH) approximation [136, 137, 138] is employed for the calculation

of other mechanical parameter, for example, the bulk modulus B, shear modulus G

and Young’s Modulus E. From VRH approximation, Hill [138] is used in this thesis

to extract the B, G and E, from the relations BH = 1
2(BR + BV ), G = 1

2(GR + GV )

and EH = 9BHGH
(3BH+GH) . Poisson’s ratio ν is also determined from relation ν = 3BH−2GH

2(3BH+GH)

[139, 140]. This relations statisfy the orthorhombic and monoclinic phases [135].

Quantifying the single crystal anisotropy index has very important implications in engi-

neering science and crystal physics [141]. It describe single crystal elasticity behavior of

been anisotropic or isotropic. Proper description of such anisotropic behavior has impor-

tant implication in engineering science and crystal Physics. There are many anisotropy

index evaluation approaches for single crystal which include one by Zener [142], Chuang-

Buessem [141] and Ranganathan-Martin [143]. We use the universal anisotropy by Ran-

ganathan which is the unification of both Zener and Chuang-Buessem approach given

as Au = 5GV
GR

+ BV
BR
− 6 ≥ 0 to evaluate the single crystal anisotropy of A2GeSe4.

3.4.2 Dynamical stability

The knowledge of vibrational eigen-frequency (the phonon) of the crystalline lattice

is fundamental in understanding the phase stability, phase transition and thermody-

namics of crystalline materials [144]. In DFT the linear response and direct approach

are the two preferred methods for phonon calculation [144, 145]. In this work, finite
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displacement method a linear response approach to determine the force constant as

implemented in PHONOPY code [146] were used to compute the phonon properties of

A2GeSe4 (A = Mg, Ca, γ-Sr and Ba) within the harmonic approximation. All calcula-

tions are performed with 2× 2× 2 supercell of A2GeSe4 containing 224 and 112 atoms

for orthorhombic and monoclinic phase respectively using VASP code, the size of the

supercell defined the phonon frequecies at k-points Brillouin zones.

In harmonic approximation the dynamic properties of materials are obtained by solving

eigen value problem of the dynamic matrix D(q) [145]

∑
βk′

Dαβ

kk′
(q)eβk

′

qj = ω2
qje

αk
qj , (3.4.3)

Dαβ

kk′
(q) =

∑
l′

Φαβ(0k, l
′
k

′
)

√
mkmk′

eiq.[r(l
′
k
′
)−r(0k)], (3.4.4)

where mk is the mass of the atom k, q is the wave vector, and j is the band index. ωqj

and eqj give the phonon frequency and polarization vector of the phonon mode labelled

by a set {q, j}, respectively. Under the harmonic approximation, the structure is said

to be dynamically stable if its all phonon modes have positive frequencies for all wave

vectors [132].

The atomic contribution to the phonon dispersion total DOS of density of states is

defined by g(ω) = 1
N

∑
qj δ(ω−ωqj), where N is the number of unit cells in the supercell.

3.4.3 Surface energy and stability

In our DFT calculation, the slab geometry is employed. The surface facets are described

using the supercell composed of the thick periodic repeated layers of crystals, the so-

called slab separated by vacuum layer in z-direction. The surface stabilities are defined

relative to different formulated surface facets of crystal materials. This is an amount of

energy required to produce a surface from an infinite crystal. In slab geometry surface

energies are calculated from the optimized converged layer separated with sufficient

vacuum using the relation [147]

γ =
1

2A

(
Eslab −

Ns

Nb
Ebulk

)
, (3.4.5)
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where Eslab is total energy of the supercell of number Ns repeated layers, Ebulk the total

energy of the bulk unit cell containing the same number Nb of atoms, A is the surface

area and number 2 account for the two surfaces within the supercell that are symmetric.

In order to compare the stability of different surfaces or different surface terminations,

surface energy is considered [108]. Wulff shape construction provide a systematic way to

classify mineral crystal characteristic shapes and sizes. In first principle, surface energy

calculations are employed to explain experimental findings and the design of a better

materials. In Wulff shape the crystalline shapes are polyhedron for which only faces

parallel to Miller (hkl) planes are formed, its assumed that faces with relatively low

surface energy will dominate the equilibrium shape. [148, 149, 150]. The surface energy

of A2GeSe4 (A = Mg, Ca, γ-Sr and Ba) surfaces were computed from the slab supercell

of 9-15 layer thickness low-index cleaved at (100), (101), (110) and (111) surface facets

and their relative surface stability is compared.

3.5 Electronic Density of States (DOS)

The band structure is a useful quantity used in describing the electronic state of ma-

terials. The basic features of the band structure are analyzed by the electronic density

of states (DOS) as a function of energy [54]. It takes account of all electronic state

contribution in band structure for all possible positions in reciprocal space (kpoints)

in a simple form [151]. The density of state is defined as the electronic state in a unit

volume per unit energy. According to [54] the density of state g(ε) for a given range of

energy (ε, ε + dε) is given by the sum of over all states energy in that range. In the

practical calculation for crystal, where the band structure calculations are over all the

wave vector εk the density of states is computed from the relation given by,

g(ε) =
2

(2π)3

∑
n

∫
ε
(n)
k =ε

1

|5kε
(n)
k |

dSk, (3.5.1)

where the integral is over a surface in k-space in the Brillouin zone on which ε
(n)
k is

constant and equal to ε and the vector 5kε
(n)
k is normal Sk and having a magnitude

with respect to change in ε
(n)
k in the normal direction. The root of denominator equation

(3.5.1) is of the first order and therefore contribute a finite quantity to the integration

over a smooth 2D surface represented by Sk; and the roots introduces sharp features in
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the function (g(ε), which are called van Hove singularities [152, 54].

For the extended systems periodic in one or two dimensions, no special features are

expected in the function g(ε) except the widening or closing of band and gaps near the

Fermi-level and the volume integral becomes surface integral, while the surface integral

becomes the line integral [153].

3.6 Optical properties calculations

With the help of frequency dependent dielectric function, the optical properties of mate-

rials are determined. The dielectric function ε(ω) = ε1(ω) + iε2(ω), provides important

information about the optical properties of materials, its polarization response to ex-

ternal applied electric field and absorption of photons. The optical absorption spectra

is obtained from the Bether-Salpeter Equation on top of the non-self consistent many-

body Green’s function G0W0 [154, 155, 156] calculations. The method includes excitonic

effect in addition to the local field effect. For orthorhombic A2GeSe4 (A = Mg, Ca and

γ-Sr) phase, the energy cutoff of 300 eV and plane-wave basis energy cutoff 180 eV for

response function with 6960 number of bands (NBANDS) and 96 frequency grid points

for the energy integration were used. For the monoclinic phase of Ba2GeSe4, the energy

cutoff of 300 eV and plane-wave basis energy cutoff 180 eV for response function with

3480 NBANDS and 96 frequency grid points for the energy integration were used.

The real part ε1(ω) of the dielectric function can be derived from the imaginary part

ε2(ω) by Kramers-Kronig transformation [157]. The knowledge of both the real and

imaginary parts of the dielectric tensor allows the calculations of other important op-

tical parameters such as the refractive index n(ω), extinction coefficient k(ω), optical

reflectively R(ω), absorption coefficient α(ω) and energy loss functions L(ω) can be

calculated from the complex dielectric function ε(ω) [158]

n(ω) =
[ε1(ω)

2
+

√
ε2

1(ω) + ε2
2(ω)

2

] 1
2
, (3.6.1)

k(ω) =
[√ε2

1(ω) + ε2
2(ω)

2
− ε1(ω)

2

] 1
2
, (3.6.2)

R(ω) =
∣∣∣ε 1

2 (ω)− 1

ε
1
2 (ω) + 1

∣∣∣2, (3.6.3)
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α(ω) =
4π

λ(ω)

(√ε2
1(ω) + ε2

2(ω)2

2
− ε1(ω)

2

) 1
2
, (3.6.4)

L(ω) =
ε2(ω)

ε2
1(ω) + ε2

2(ω)
, (3.6.5)

where λ(ω) in equation (3.6.4) is the free space wave length of light.



4
Results and Discussions

In section 1.3.1, we reviewed the method of synthesis and characterization of seleno-

germanate A2GeSe4 (A = Mg, Ca, γ-Sr and Ba), here in this chapter we present the

results and discussions on the bulk structural, mechanical, dynamical, electronic and

optical properties and it’s extended 2D structure, electronic, surface and photocatalytic

properties based on the theoretical backgrounds (presented in Chapter 2) and compu-

tational details (described in Chapter 3)

4.1 Ground state and excited state properties

In this section, we present the results of our investigation of crystal bulk A2GeSe4

(A = Mg, Ca, γ-Sr and Ba) compound such as structural, mechanical and dynamical

stabilities, electronic and optical properties. Some of the results we discuss here have

been published [1]. The structures of orthorhombic A2GeSe4 (A = Mg, Ca and γ-Sr)

phases and monoclinic phase Ba2GeSe4 as well as the Brillouin zones [115] are shown

in Figure 4.1.

4.1.1 Structural Properties

The compounds Mg2GeSe4, γ-Sr2GeSe4, Ba2GeSe4 and Ca2GeSe2 are members of

seleno-germanite A2MX4 (A = Earth-alkaline metals, M = group 14 elements and X

= chalcogene atom) the chalcogenedometaletes. X-ray diffractometer and single crystal

37
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e f

Figure 4.1: From left (a, b, c) the crystal structure of A2GeSe4 (A = Mg, Ca and
γ-Sr) orthorhombic phase, (d) the Ba2GeSe4 monoclinic phase with space group P21/m
(No. 11) and (e, f) the Brillouin zone of the orthorhombic and monoclinic, lattice
respectively.

x-ray structural studies of Mg2GeSe4 and γ-Sr2GeSe4 reveals that the compounds crys-

tallize into an orthorhombic structures with space group Pnma (no. 64) and Ama2 (no.

40). They structure type of olivine Mg2SiO4 and Sr2SnS4 structure types respectively, at

room temperature [38, 35]. Mg2GeSe4 is orthorhombic with experimental lattice param-

eters ( a = 13.50 Å, b = 7.851 Å, c = 6.366 Å and angles α=β=γ=900), number of atoms

per formular unit is cell Z = 4. Similarly, γ-Sr2GeSe4 reported to have experimetal lat-

tice parameters ( a = 10.284 Å, b = 10.543 Å, c = 7.411 Å and angles α=β=γ=900

), number of atoms per formular unit cell is Z = 4. Mg2GeSe4 and Sr2GeSe4 each

containing 28 atoms per unit cell. An X-ray powdered diffractogram also reveals the

formation of stable Ba2GeSe4 crystallized in monoclinic structure, space group P21/m

a Sr2GeS4 structure type with experimental lattice parameters given as (a = 6.9958 Å,

b = 7.0938 Å, c = 9.1738 Åand angles α=γ=900, β = 109.1350), number of atoms per

formular unit cell is Z = 2. [36]. In the case of Ca2GeSe4, no experimental synthesis has

been reported, but formally the compound can be formed by substituting Si with Ge in

the Ca2SiSe4 configuration, an olivine Mg2SiO4 structure type [53]. Our calculations [1]

confirm that Ca2GeSe4 is stable in an orthorhombic structure with space group pnma

(No. 62) and contains 28 atoms per unit cell. The ratio of the ionic radii rA/rM+rX and

types of chalcogen atom plays a role in defining the crystal structure of A2MX4 fam-
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ily compounds, where small radii cations such as calcium (Ca) with ortho-germanates

sulphate (GeS4) are reported to crystallize mostly in the olivine type structure [35, 50].

In the choice of suitable approximation for the calculations of stuctures under study,

we performed first the ground state energy calculation to optimize the structures using

the Generalized Gradient Approximation (PBE) and its variants for solids PBEsol to

calculate the lattice parameters, equilibrium volumes and binding energy of the struc-

tures under study. The obtained results are fitted to a 3rd-order Birch-Murnaghan

equation of state (EOS) function [159] to evaluate the values of equilibrium volume

V0 (Å3), cohesion energy, bulk modulus (B0) and its derivatives (B′0). The calculated

lattice parameters, formation energies, cohesive energies and optimized volumes from

the optimized structures are shown in Table 4.1. The available experimental values are

also given for comparison. Total energy versus volume curves are presented in Figure

4.2 (a) - (d). The calculated equilibrium volume using PBEsol functional gives val-

ues within about 1% less than the experimental values, while PBE overestimates the

experimentally reported values by around 5%.

Table 4.1: Lattice constants (a, b and c), equibrium volume V0, energy of formation
Ef and energy of cohension Ecoh for A2GeSe4 (A = Mg, Ca, γ-Sr and Ba), angle between
a and b (β) in degree for Ba2GeSe4.

(a)Mg2GeSe4
Functional a(Å) b(Å) c(Å) V0(Å3) Ef(eV/atom) Ecoh(eV/atom)

PBE 13.641 7.937 6.391 691.880 -0.444 -3.289

PBEsol 13.430 7.827 6.316 663.880 -0.411 -3.631

Exp.a 13.500 7.851 6.366 657.0 - -

(b)Ca2GeSe4
Functional a(Å) b(Å) c(Å) V0(Å3) Ef(eV/atom) Ecoh(eV/atom)

PBE 6.681 8.658 14.458 836.360 -0.864 -3.828

PBEsol 6.546 8.549 14.136 795.200 -0.814 -4.151

(c)γ-Sr2GeSe4
Functional a(Å) b(Å) c(Å) V0(Å3) Ef(eV/atom) Ecoh(eV/atom)

PBE 10.479 10.756 7.485 843.640 -0.907 -3.787

PBEsol 10.253 10.481 7.374 792.400 -0.874 -4.126

Exp.b 10.284 10,543 7.411 803.530 - -

(d)Ba2GeSe4
Functional a(Å) b(Å) c(Å) V0(Å3) β(0) Ef(eV/atom) Ecoh(eV/atom)

PBE 7.204 7.240 9.292 454.960 108.520 -0.476 -3.610

PBEsol 7.022 6.986 9.150 424.200 109.078 -0.411 -3.95

Exp.c 6.996 7.094 9.174 430.110 109.135 - -
aRef. [38], bRef. [35], cRef. [36]
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Calculated lattice parameters are consistent with experimental results. The cohesive

energies (Ecoh) and formation energies (Eform) listed in Table 4.1 are negative, which

confirms that the compounds under study are energetically stable. Our calculated

cohesive and formation energies become more negative with increasing atomic radii of

the alkaline earth metals Mg, Ca and Sr for the orthorhombic phases suggesting that the

ternary orthorhombic compounds A2GeSe4 (A = Mg, Ca and γ-Sr), become structurally

more stable as the atomic mass of the alkaline earth atoms increase. To our knowledge,

there is no available calculated data in literature found for A2GeSe4 (A = Mg, Ca,

γ-Sr and Ba) for comparison. In general, the ground state parameters calculated so

far with PBEsol are more consistent with experiment compared to results from PBE

calculations. This is not surprising since PBEsol [70] was constructed to restore the

gradient expansion for the exchange-correlation so as to improve the bulk structural

properties of materials.
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Figure 4.2: Energy versus volume (EOS) calculated using PBEsol and PBE for
A2GeSe4 (A = Mg, Ca, γ-Sr and Ba) compound.
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4.1.2 Mechanical Stability

The elastic constants (Cij) are fundamental constants of solids that provide useful

information about the link between mechanical and dynamical properties of crystals

[132]. Important properties calculated using the elastic stiffness of materials, such as

anisotropy factors, Poissons ratio (ν), bulk moduli (B), Young moduli (E) and shear

moduli (G) provide important information on the nature of forces, bonding character-

istic, stability and stiffness of a material. The elastic constants of A2GeSe4 (A = Mg,

Ca, γ-Sr and Ba) are calculated using PBE and PBEsol; the results are depicted in

Table 4.2 (a) - (d). Other calculated or experimental results to compare with are not

available to our knowledge. The orthorhombic structures A2GeSe4 (A = Mg, Ca, γ-Sr)

and monoclinic Ba2GeSe4 have 9 and 13 independent elastic constants respectively.

The calculated elastic coefficients listed in Table 4.2 (a) - (d) satisfy Equations (3.4.1)

and (3.4.2) for orthorhombic structure type Born-Huang stability criteria and that of

monoclinic structures discussed in subsection 3.4.1 respectively, indicating that the in-

vestigated materials are mechanically stable.

We deduced the order of the elastic constants C11>C33>C22 and C11>C22>C33 from

Table 4.2 (a) - (c) in the orthorhombic phases Mg2GeSe4, Ca2GeSe4 and γ-Sr2GeSe4

respectively along the three principal axes. This order predicts the extent of resistance

to linear compression in the 〈100〉, 〈010〉, 〈001〉 directions, respectively. The calculated

C22 for Mg2GeSe4 has a smaller value compared to C11 and C33. Similarly, from Table

4.2 (d) for Ca2GeSe4 and γ-Sr2GeSe4, C33 is smaller compared to C11 and C22. Thus,

in the 〈010〉-direction for Mg2GeSe4 and 〈001〉-direction for Ca2GeSe4 and γ-Sr2GeSe4

are the most compressible. For monoclinic Ba2GeSe4 phase PBE predicted greater

values of C11 and C22 than C33, while PBEsol computed C11 and C33 greater than C22.

In addition, the elastic constants C44 and C66 provide useful information regarding

indentation hardness of materials. High values of C44 and C66 means material have

strong resistance to monoclinic shear distortion in the (100) plane and resistance to

shear in 〈110〉 direction respectively. The C44 and C66 values from Table 4.2 (d) for

monoclinic Ba2GeSe4 are ≤ 9.07 and ≤ 16.36 respectively, similarly, for orthorhombic

phases C44 and C66 listed in Table 4.2 (a) - (c) are ≤ 18.68 (GPa) and ≤ 19.65 (GPa)

respectively. The relatively small value of C44 and C66 shows that both compounds are

not very resistive to shear distortion.

It can also be seen from Table 4.2 (a) - (d) that all the calculated elastic constants
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Table 4.2: (a) - (d) The calculated elastic constant (Cij) in (GPa) from equation of
state for orthorhombic A2GeSe4 (A = Mg, Ca, γ-Sr Ba) and monoclinic Ba2GeSe4,
respectively.

(a)Mg2GeSe4
Functional C11 C12 C13 C22 C23 C33 C44 C55 C66

PBE 101.22 21.07 22.52 62.38 28.46 65.50 19.65 18.38 16.96

PBEsol 111.19 26.26 25.29 69.61 32.33 70.77 19.20 18.77 17.72

(b)Ca2GeSe4
Functional C11 C12 C13 C22 C23 C33 C44 C55 C66

PBE 65.54 25.00 23.89 44.53 27.43 36.88 15.62 9.60 16.37

PBEsol 74.44 31.75 30.21 48.31 33.83 41.23 14.60 10.64 18.68

(c)γ-Sr2GeSe4
Functional C11 C12 C13 C22 C23 C33 C44 C55 C66

PBE 53.34 14.14 25.35 40.36 15.51 40.27 13.23 12.69 10.93

PBEsol 64.47 14.68 26.27 41.68 14.52 41.48 15.19 14.27 12.16

(d)Ba2GeSe4
Functional C11 C12 C13 C15 C22 C23 C25 C33 C35 C44

PBE 48.00 14.23 13.49 -0.70 40.65 19.93 8.75 38.52 0.18 7.93

PBEsol 56.03 13.61 15.07 0.06 40.17 21.72 14.05 50.36 -0.63 9.07

Functional C46 C55 C66

PBE 2.10 15.62 14.25

PBEsol 3.66 19.35 16.36

sets for othorhombic phases decrease in magnitude from Mg2GeSe4 to Ca2GeSe4 to γ-

Sr2GeSe4 and the trend continued with monoclinic Ba2GeSe4 phase having the smaller

sets elastic constants. This indicates a decrease in stiffness of these materials against

external stress with increasing atomic mass (radius) of the earth-alkaline cation atom.

For the monoclinic Ba2GeSe4, the PBE predicts negative value for C15 and PBEsol for

C35 respectively suggesting that normal or shear stress associates with an opposite shear

strain to reduce the total strain energy

The bulk modulus B0 and its derivative B′0, determined by fitting the total energy

Birch-Murnaghan equation of state [159], and the one using Voight-Ruess-Hill (VRH)

[136, 137, 138] calculated from Cij for comparison, are depicted in Table 4.3 (a) - (d).

Similarly, Young’s modulus (E), shear modulus (G) and Possion’s ratio (ν) calculated

using the (VRH) approximation, B/G ratio and universal anisotropy factor (AU ) are

unitless also are listed in Table 4.3 (a) - (d).

The bulk modulus is a measure of resistance to the volume change by applied pressure,
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Table 4.3: (a) - (d) The calculated mechanical parameters, the bulk modulus B0 and
its derivative B′ from EOS fittings, bulk modulus BV , BR, BH and shear GH , Young’s
EH modulus in (GPa) using VRH-approximations, the Poission’s ratio ν, ratio B/G
and the universal anisotropy Au for orthorhombic A2GeSe4 (A = Mg, Ca, γ-Sr Ba) and
monoclinic Ba2GeSe4 respectively.

(a)Mg2GeSe4
Functional B0 B′

0 BV BR BH GH EH ν B/G Au

PBE 41.76 4.56 41.47 40.43 40.96 20.72 53.20 0.28 1.98 0.40

PBEsol 45.63 4.60 46.59 45.41 46.00 21.45 55.74 0.30 2.14 0.44

(b)Ca2GeSe4
Functional B0 B′

0 BV BR BH GH EH ν B/G Au

PBE 32.31 4.07 33.29 31.83 32.56 12.14 32.39 0.33 2.68 0.83

PBEsol 33.28 1.89 40.55 39.25 39.90 11.43 31.30 0.37 3.37 1.72

(c)γ-Sr2GeSe4
Functional B0 B′

0 BV BR BH GH EH ν B/G Au

PBE 26.35 6.36 27.79 26.59 27.19 12.70 32.98 0.30 2.09 0.25

PBEsol 30.78 4.64 28.73 26.89 27.81 14.16 36.38 0.28 1.96 0.29

(d)Ba2GeSe4
Functional B0 B′

0 BV BR BH GH EH ν B/G Au

PBE 23.49 6.08 24.72 24.17 24.44 11.89 30.64 0.29 2.06 0.94

PBEsol 28.01 5.16 27.49 24.62 26.05 13.29 34.08 0.28 1.96 1.96

whereas the shear modulus is a measure of resistance to the reversible deformation upon

shear stress [135]. Young’s modulus is a measure of resistance to linear stress. The ra-

tio B/G evaluates whether the material is ductile or brittle, whereas, the Poisson’s

ration (ν) provides information on the nature of bonding forces and volume compress-

ibility of material. ν takes values between -1<ν<0.5 [160, 161], although material with

negative Poisson’s is not known [161]. The values of bulk moduli B0 from EOS and

that calculated using VRH approximations are in good agreement indicating that there

are good structural atomic relaxation positions which have an influence on the elastic

constant values. The values are also quite small, less than 50 (GPa), indicating that

the compounds are relatively soft materials. The values of bulk modulus and Young’s

moduli are relatively low indicating that the materials under study are soft and flexible

respectively.

The elastic anisotropy value is determined using the universal anisotropy (Au) equation,

a generalization of Zener anisotropy index, from Reference [143]. The deviation of Au

from zero defines the extent of elastic anisotropy. The calculated values of Au are 0.399,

0.834, 0.251 and 1.963 for A2GeSe4 (A = Mg, Ca, γ-Sr and Ba) respectively, as listed
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in Table 4.3 (a) - (d). All compounds are anisotropic material and the monoclinic

Ba2GeSe4 phase is more anisotropic in nature. The Poisson’s ratio ν calculated from

VHR approximation takes a value between 0.28 to 0.37 for A2GeSe4 (A = Mg, Ca, γ-Sr

and Ba) respectively, indicating that the compounds have central forces and are ionic

materials, with dominant ionic contribution to inter-atomic bondings. Our calculated

ratio B/G value is ≥ 1.976 for Mg2GeSe4, Ca2GeSe4, Sr2GeSe4 and Ba2GeSe4 and are

greater than 1.75 which is the benchmark value. Therefore, all these compounds are

ductile in nature with reference to Pugh’s ratio B/G> 1.75 for ductile material [162].

4.1.3 Dynamical Stability

The study of vibrational properties of crystals provides useful information about the

macroscopic properties like specific heat, sound velocity and thermal properties. It also

determines whether the compounds are dynamically stable. We use a finite displacement

method [144, 163] to determine the force constants as implemented in the PHONOPY

code [146] to study the dynamic properties. The computed band structure, total and

partial density of state (TPDOS) of a phonon dispersion along the high symmetry

directions for A2GeSe4 (A = Mg, Ca, γ-Sr and Ba) are shown in Figure 4.3 and 4.4.

The A2GeSe4 (A = Mg, Ca and γ-Sr) orthorhombic phases have twenty-eight atoms

per unit cell, which give rise to eighty-four phonon branches of which three are acoustic

modes and eighty-one optical modes, which are shown in Figure 4.3 and 4.4. In the

monoclinic Ba2GeSe4 phase with 14 atoms in a unit cell there are 42 phonon branches,

of which 3 are acoustic and 39 are optical modes as presented in Figure 4.4. There are

no negative frequencies seen along the high symmetry kpoints of the phonon spectra

shown in Figure 4.3 and 4.4, hence A2GeSe4 compounds are dynamically stable. From

the phonon dispersion curves of Mg2GeSe4, γ-Sr2GeSe4 and in Ba2GeSe4, flat bands

are observed along almost the Brillouin zone between 5 to 6 THz. The flat band regions

are indicative of localization [164].

In Figure 4.3 and 4.4 (right), is the total and projected density of states (TPDOS)

contributions of individual elements to phonon vibrations of A2GeSe4 compounds. The

projected density of state (PDOS) for Mg2GeSe4 and Ca2GeSe4 Figure 4.3 the lower

modes frequencies from 0 to 5 THz have contributions from Mg, Ca, Ge and Se atoms

respectively, with a dominant contribution from Se atom in the acoustic modes. Ca, Ge

and Se contributions are seen for Ca2GeSe4 with Se giving the dominant contribution in
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Figure 4.3: Calculated phonon dispersion curve along high symmetry kpoints, total
and partial density of states (TPDOS) for A2GeSe4 (A = Mg and Ca) compound.
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the acoustic modes and some part of optical modes. While for γ-Sr2GeSe4 and Ba2GeSe4

with heavy alkaline atoms, also presented from right Figure 4.4, the characteristic of

phonon dispersion from the projected density of states have Sr, Ba, Ge and Se atoms

contributions, with the lower frequencies of acoustic mode from 0 to 2 THz dominated

by vibrations of hybridization of Sr, Ba and Se atoms respectively.

4.1.4 Electronic Properties

In this thesis, the DFT electronic properties of A2GeSe4 (A Mg, Ca, γ-Sr and Ba) were

studied for the PBEsol [70] optimized structures. However, since this approximation is

expected to underestimate the band gap [165], we also used the semi-local MBJ potential

[76] with basic generalized Kohn-Sham method [166] which approximates the derivative

discontinuity of the exact exchange-potential for the bandstructure calculation. MBJ,

on average, reproduces band gaps with about 10% error compared to experiment [76].

A drawback of MBJ is that it gives an approximation for the exchange-correlation po-

tential without a corresponding exchange-correlation functional and cannot be used for

structural optimization. We also estimated the band gap using the hybrid functional

(HSE) and Green’s function (G0W0) approximation, although it is computationally

more demanding to implement than MBJ, but gives better estimates of the band gap

than local and semi-local approximations to the exchange-correlation functional. For-

mally the most promising approach to estimate the fundamental gap with limited com-

putational demand is the non-self consistent quasi-particle approximation, the so-called

G0W0 approximation, with underlying KS-DFT input, is used [167, 168].

Figure 4.5 and 4.6 shows the combined band structure between -4.0 and 4.0 eV energy

range along the high symmetry direction in Brillouin zone for PBEsol and MBJ with

total (TDOS) and partial (PDOS) density of state for MBJ for A2GeSe4 (A = Mg, Ca,

γ-Sr and Ba) compounds. Figure 4.5 and 4.6 (left) shows the band structures calculated

using the PBEsol functional and MBJ potential. From the calculated band structures,

it is evident that PBEsol functional under-estimation gap, while MBJ potential open

the energy gap of the compounds under study. Similarly, from MBJ potential band

structure diagrams, Figure 4.5 shows that Mg2GeSe4 and Ca2GeSe4 have indirect band

gaps (Eg) of 2.29 and 2.11 eV, with valence band maximum (VBM) at Γ and conduction

band minimum (CBM) between Γ - X, respectively. Also,from Figure 4.6 γ-Sr2GeSe4

and Ba2GeSe4 are shown to have a direct band gap transition of 2.51 and 2.26 eV at
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the Γ point.

Computed band gaps and available experimental values are listed in Table 4.4 (a) - (d)

for comparison. The calculated fundamental band gaps from G0W0 are 2.95, 2.53, 3.09

and 2.53 eV for orthorhomic Mg2GeSe4, Ca2GeSe4, Sr2GeSe4 and monoclinic Ba2GeSe4

respectively. To our knowledge there is no other available theoretical calculation to com-

pare our work with. Compared to the available experimental gap data for Mg2GeSe4,

our calculated G0W0 fundamental gap listed in Table 4.4 (a) is larger than the experi-

mentally estimated optical gap of 2.02 eV [38]. This is consistent with our expectation

that the fundamental gap is larger than the optical gap which require for the vertex

correction [169, 170]. The MBJ and HSE computed fundamental gaps compare favor-

ably between 11-26% larger; it is traditional with MBJ and HSE computed gaps to

underestimate or overestimates relative to experimental gap by 0.1 to 0.2eV or 2% to

10% [76, 171]. However, for Ca2GeSe4 and γ-Sr2GeSe4 calculated band gaps Eg, there

are no reported theoretically calculated and experimentally measured band gaps, for

Ba2GeSe4 there are no experimental band gap to our knowledge for comparison.

To further explore the physical properties of these class of seleno-germanates com-

pounds. We discuss extensively, the density of state (DOS), the total density of state

(TDOS) and projected density of state (PDOS). They provide significant information

in addition to the band structures. From the results shown in Figure 4.5 from right

is a calculated TDOS and PDOS using MBJ potential. It can be observed that for

Mg2GeSe4, the valence band maximum (VBM) is dominated by the contribution from

Se-4p and the conduction band minimum (CBM) has a contribution from Ge-4s, Se-4p.

Similarly, for Ca2GeSe4 in Figure 4.5 the VBM has a strong contribution from Se-4p

and Ge-4p contribute far away from VBM, while Se-4p and Ge-4s strongly contributed

to CBM. Noticeable from seleno-germanate A2GeSe4 compounds with one coordina-

tion environment unit of polyhedral A2Se6 with tetrahedral GeSe4 like Mg2GeSe4 and

Ca2GeSe4 the top of valence band VBM are composed of p orbital of Se which acts as

donor atom. While the bottom of conduction bands CBM are composed of the domi-

nant contribution of p and s orbitals of Se and Ge atoms respectively, this contribution

are mainly from Ge-Se bonding making the tetrahedral GeSe4 coordination. This tetra-

hedral GeSe4 is reported to dictate the nature of the band gaps of seleno-germanates

compounds [38, 37]. This is consistent with other calculations performed by Wu et al.

[38, 37] on Mg2GeSe4 and thio-germanates Ba2GeS4. They reported that the bottom of

CBM is dominated by Se, S and Ge orbitals, and accordingly that tetrahedral GeSe4 and
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GeS4 determines the energy band gap. Furthermore, for the orthorhombic γ-Sr2GeSe4

and monoclinic Ba2GeSe4 a new variant of seleno-germanate with 2 coordination envi-

ronment units with tetrahedral GeSe4, the TDOS and PDOS are presented in Figure

4.6 from right.

For γ-Sr2GeSe4 with seven and eightfold A2Sen coordination with tetrahedral GeSe4,

the bottom of conduction band CBM is dominated by contribution of Se-4p, Ge-4s

and Sr-3d and the top of valence band VBM is dominated by contribution from Se-4p

atom. Similarly, for Ba2GeSe4 with eight and ninefold polyhedral A2Sen coordination

with tetrahedral GeSe4, the bottom of the conduction band CBM is dominated by the

hybridization of Ba-3d, Ge-4s and Se4p orbitals, while the VBM is localized by Se-4p or-

bital. A2GeSe4 (γ-Sr and Ba) structures are defined by two coordination environments

of mixed seven, eight and nine folds Sr-Se, Ba-Se coordinations with the usual GeSe4

tetrahedral. Their conduction band minimum is defined by the polyhedral coordina-

tion environments Sr-Se and Ba-Se together with the tetrahedral GeSe4 coordination.

Consequently, the polyhedral Sr-Se, Ba-Se and tetrahedral GeSe4 coordination units de-

termine the band energy of these new variants seleno-germanates compounds. Finally,

from our calculation of electronic structure from DFT hybrid functional and optical

properties using the G0W0+BSE, A2GeSe4 (A = Mg, Ca, γ-Sr and Ba) are seen to

have indirect and direct band gaps between 2.05 - 2.93 eV.

Table 4.4: (a) - (d) Calculated and reported experimental electronic band gap for
A2GeSe4 (A= Mg, Ca, γ-Sr and Ba) compound.

(a)Mg2GeSe4

Method PBEsol MBJ HSE06 G0W0
BSE

Exp.[38] Theory [38]
a b c

Band gap (eV 1.50 2.29 2.73 2.95 2.60 2.58 2.82 2.02 1.57

(b)Ca2GeSe4

Method PBEsol MBJ HSE06 G0W0
BSE

Exp. Theory
a b c

Band gap (eV) 1.18 2.11 2.36 2.53 2.30 2.37 2.30 - -

(c)γ-Sr2GeSe4

Method PBEsol MBJ HSE06 G0W0
BSE

Exp. Theory
a b c

Band gap (eV) 1.86 2.51 2.81 3.09 2.92 2.93 2.86 - -

(d)Ba2GeSe4

Method PBEsol MBJ HSE06 G0W0
BSE

Exp. Theory [36]
a b c

Band gap (eV) 1.46 2.26 2.66 2.53 2.47 2.05 2.66 - 1.70
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4.1.5 Optical properties

The optical properties of the seleno-germanates A2GeSe4 (A = Mg, Ca, γ-Sr and Ba)

compounds were investigated to further support the electronic band structure data for a

clear understanding of their potential applications. The dielectric properties plays roles

in providing the actual nature of material and pictures of their uses, which generally

described the nature of photon interaction with an electron in a system described by

many-body perturbation theory of the ground-state electronic state. The imaginary part

ε2(ω) describes the optical coupling between occupied and unoccupied electronic states

and the absorption of electromagnetic radiation [172], and the real part ε1(ω) described

the dispersion of photon by the material. All the calculation of optical properties in this

work are performed with BSE on top of G0W0 with starting Kohn-Sham eigenvalues

and to the best our knowledge this is the first time A2GeSe4 (A = Mg, Ca, γ-Sr and

Ba) optical properties calculation performed using G0W0+BSE is being reported.

Our computed dielectric constants the real and imaginary, absorption spectra are from

the absorption coefficient, and the refractive index, reflectivity and energy loss calcu-

lated from the dielectric functions. The DFT calculated optical properties are presented

in Figure 4.7 - 4.10. The calculated imaginary ε2 (ω) spectra in the energy range of 0

- 8 eV are dominated by some resonance exciton states, describing optical transitions

integrated over the Brillouin zone. These contributions from each electronic transition

from occupied top valance band to the empty bottom conduction band are the ori-

gin of different peaks and features shown in spectra. We can see that the imaginary

spectra are displayed in 3 diagonal a−, b− and c− directions. The onset absorption

spectral peaks of imaginary spectra depicted in Figure 4.7 - 4.10, when compared are

consistent with our bandstructure calculations. The onset transitions peaks in absorp-

tion spectra are seen at 2.68, 2.40, 3.28 and 2.17 eV energies for A2GeSe4 (A = Mg,

Ca, γ-Sr and Ba) respectively. The computed real dielectric function ε1(ω) dispersion

spectra are depicted in Figure 4.7 - 4.10, they show a considerable anisotropy behavior

for the A2GeSe4 compounds in a−, b− and c− directon. Our calculated static real

dielectric constant ε1(0) which is related to the polarizability of materials, along the

crystallograpic direction εa1(0), εb1(0) and εc1(0) for Mg2GeSe4, Ca2GeSe4, γ-Sr2GeSe4

and Ba2GeSe4 respectively, are listed in Table 4.5. Our calculated ε1(0) values obey the

Pen model [173] equation ε1(0) ≈ 1 + (~ωp/Eg)2 which is band gap dependent, where

ε1(0) is inversily proportional to bang gap Eg. Thus, as band gap increases the ε1(0)
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Figure 4.7: Calculated optical functions the imaginary ε2 (ω) and real ε1 (ω) dielectric
constants, the refractive index, reflectivity, extinction and energy loss for Mg2GeSe4

compound.
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Figure 4.9: Calculated optical functions the imaginary ε2 (ω) and real ε1 (ω) dielectric
constants, the refractive index, reflectivity, extinction and energy loss for γ-Sr2GeSe4

compound.
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Figure 4.10: Calculated optical functions the imaginary ε2 (ω) and real ε1 (ω) dielec-
tric constants, the refractive index, reflectivity, extinction and energy loss for Ba2GeSe4

compound.



Section 4.1 Ground state and excited state properties Page 57

decreases.

Refractive index n(ω) is directly connected to static real dielectric ε1(0) from the re-

lation n(ω) =
√
ε1(0) [158]. Wider band gap materials have a small refractive index

values and vice versa as observed with our real dielectric calculation. The refractive

index provides information about the optical thickness of material/path length. The

calculated refractive index in the zero frequency limits n(0) for A2GeSe4 (A = Mg,

Ca, γ-Sr and Ba) are also listed in Table 4.5. From our calculation the monoclinic

Ba2GeSe4 phase has the highest refractive index n(0) of 1.88 and 2.33 along the a− and

b− crystallograpic direction and orthorhombic Mg2GeSe4 with n(0) of 1.92 along the c−
direction, owing to their characteristic of low absorption along this directions. Shown

in Figure 4.7 - 4.10 refractive indices, the value of refractive index in the zero limit n(0)

increases with increase in photon energy (ω eV) up to the onset resonance peak which

corresponds to the interband transition energy, and then proportionally decreases to

zero. The reflectivity are shown on Figure 4.7 - 4.10 and the values at zero frequency

R(0) are depicted in Table 4.5. A2GeSe4 (A = Mg, Ca, γ-Sr and Ba) have R(0) values

≤ 0.36. The values approach unity at zero frequency, indicating that these compounds

behave like semiconductor.

Figure 4.7 - 4.10 show the relationship between the extinction coefficients and photon

energy. In comparison with imaginary dielectric ε2 (ω) the extinction (k) relates closely

to each other, where the onset peaks represents the absorption behavior of the materials.

The energy loss spectrum describes the amount of energy loss of fast moving electron in a

material. It is associated with scattering due to collective oscillation of valence electrons.

This mainly occurs at energy higher than the interband transition energy of a material,

they are identified with peaks that are characterized with plasma resonance frequency

(ωp). Figure 4.7 - 4.10, shows the energy loss spectra, the corresponding energy loss are

listed in Table 4.5 for A2GeSe4 compounds. The maximum resonance frequencies peaks

seen beyond the interband transition energy are located between the energy 6.20 - 6.75

eV range for Mg2GeSe4, Ca2GeSe4, γ-Sr2GeSe4 and Ba2GeSe4 respectively.

Absorption coefficient (α (ω)) calculated from the real and imaginary dielectric con-

stants is an important optical parameter with significant role of evaluating materials

applications from their ability level of reflactance and dispertive absorption. Our cal-

culated optical absorption spectra and their corresponding from the right Tauc plot for

A2GeSe4 (A = Mg, Ca, γ-Sr and Ba) and their polarizabilities along the a−, b− and c−
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Figure 4.11: Calculated optical functions from left the absorption coefficient α (ω)
and right the correspondig Tauc plot of the absorption coefficient α (ω) for A2GeSe4

(A = Mg and Ca) compounds respectively.
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Figure 4.12: Calculated optical functions from left the absorption coefficient α (ω)
and right the correspondig Tauc plot of the absorption coefficient α (ω) for A2GeSe4

(A = γ-Sr and Ba) compounds respectively.
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Table 4.5: The calculated static real dielectric constant ε1(0), onset peak values of
energy loss L(ω), static refractive index n(0), static reflectivity R(0) and extinction
coefficient (k) along a−, b− and c− diagonal directions for A2GeSe4 (A = Mg, Ca, γ-Sr
and Ba) compounds.

ε1 (0) L(ω) n (0)
Compound εa1(0) εb1(0) εc1(0) La(ω) Lb(ω) Lc(ω) na(0) nb(0) nc(0)

Mg2GeSe4 2.80 2.80 3.57 0.42 0.47 0.31 1.65 1.65 1.92

Ca2GeSe4 2.91 2.20 2.41 0.58 0.17 0.26 1.71 1.48 1.57

γ-Sr2GeSe4 2.52 2.43 2.31 0.17 0.17 0.19 1.58 1.55 1.55

Ba2GeSe4 3.40 5.49 3.55 0.21 0.22 0.20 1.88 2.33 1.88

R(0) Extinction coefficient
Compound Ra (0) Rb (0) Rc (0) ka(ω) kb(ω) kc(ω)

Mg2GeSe4 0.33 0.22 0.26 1.89 1.84 1.58

Ca2GeSe4 0.33 0.18 0.20 2.18 0.93 1.10

γ-Sr2GeSe4 0.31 0.19 0.19 1.21 1.08 1.08

Ba2GeSe4 0.36 0.33 0.26 1.03 2.30 1.13

directions are shown in Figure 4.11 and 4.12. We described the absorption edge using

the Tauc plot of the optical dispersion. The Tauc method [174] determines absorption

edge by linear extrapolation of (αhν)
1
n to zero from an equation αhν = K(hν − Eg)n.

Where Eg is the gap, α is absorption, hν the photon energy, K the proportionality

constant and the exponent n takes values 2, 1
2 , 3

2 and 1
3 for direct, indirect, allowed and

forbidden transitions, respectively. Our estimated onset absorption edge from Tauc plot

in Figures 4.11 and 4.12 (right) for the A2GeSe4 (A = Mg, Ca, γ-Sr and Ba) compound

are 2.58, 2.30, 2.86 and 2.05 eV respectively. Therefore, from our result of electronic

structure and optical properties calculation generally these seleno-germanate A2GeSe4

(A = Mg, Ca, γ-Sr and Ba) compound have been observed with the following. (i)

They have anisotropic behavior, direct and indirect transitions. (ii) Demonstrate broad

edge of fundamental absorption between 2.05 - 2.93 eV which suggested that they are

semiconductors with capability to absorb in the ultra-violet and visible region and these

properties are promising for application in non-linear optics NLO, top layer absorbers

in multi-junction solar cell and as a photocatalyst.
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4.2 Photacatalytic properties

4.2.1 Surface structure

The suitability of semiconductor for photocatalytic application is identified through the

viability of photocatalytic reaction on the surface of semiconductor not on bulk because

eigenvalue of bulk calculations are not properly referenced to any absolute scale. These

require the knowledge of photocatalytic band edge positions potential of semiconductor

surface to predict the photocatalytic redox reactions. DFT provides means of theoret-

ical band edge potential calculations. Theoretical semiconductor surface study is only

possible with the construction of two-dimensional periodic supercell surface structure

from bulk. In this work, the generalized gradient approximation GGA-PBEsol is used

to study the 100, 101, 110 and 111 low indexes of A2GeSe4 (A = Mg, Ca, γ-Sr and Ba)

surface facet orientations. The generalized gradient approximation (GGA) has been

reported to yield results with accuracy in surface properties calculation [109, 175]. We

use the slab approach, the (1× 1)-supercell slab periodicity model bulk unit cell is used

in this study. The constructed Mg2GeSe4(101), Ca2GeSe4(100), γ-Sr2GeSe4(111) and

Ba2GeSe4(111) the most stable orientations with corresponding surface termination are

shown in Figure 4.13.

4.2.2 Surface stability and surface energy

From the literature of A2GeSe4 compounds, there is no reported experimental or theo-

retical investigation of their surface structure and properties, in particular, no reported

surface that exists in their crystallites are identified. Since there is no attempt to iden-

tified crystallite surface of A2GeSe4 and simulation provide this opportunity. Thus,

this motivated us to carry out the surface study to predict among the constructed 100,

101, 110 and 111 low index facets the most thermodynamically favoured surface facet

of A2GeSe4 (A = Mg, Ca, γ-Sr and Ba) compound. The thermodynamic stability of

surface is determined by the surface energy (γ), which is defined by Equation 3.4.5

discussed in subsection 3.4.3. Surface energy is an excess energy associated with the

surface [108]. Wulff shapes of A2GeSe4 were also drawn based on the calculated surface

energies of the four low-index surfaces under study to confirm their appearance and sta-

bility. Wulff shape construction provides the crystal shapes under equilibrium condition

that posses minimum surface energy [176, 177]. Once the stable surface orientation is
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Figure 4.13: The structure of the most stable surface orientation (a) Mg2GeSe4(101)
Mg-Se termination, (b) Ca2GeSe4(100) Ge-Se termination, (c) γ-Sr2GeSe4(111) Sr-Se
termination and (d) Ba2GeSe4(111) Ba, Ge and Se termination, from the structure
the atomic colour are Mg-blue, Ca-green, Sr-purple, Ba-white, Ge-yellow and Se-red
respectively.
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identified, we established other surface properties and their photocatalytic viabilities.

For the calculation of surface energy, surface relaxation or reconstruction and various

convergence test are performed. Since surface energy is a function of slab thickness,

surface energy fluctuates with the size of slab thickness. This effect is called the quantum

size effect. We make the slab to be thick enough to get a converged surface energy.

Therefore, to achieve this in order to get a reliable result, we conducted a convergence

test of total slab energy as a function of slab thickness to get sufficient slab thickness.

This method provides us with slab layers that are thick enough with minimum energy

to model the realistic surface [178, 179], such that it’s center mimics the crystal bulk.

The slab thickness convergence tests are depicted in Figure 4.14. From our energy slab

thickness convergence test Figure 4.14 for 100, 101, 110 and 111 facet orientations, the

9-layers slab thickness with 252 atoms are found to be thick enough to converge with

lowest total slab energy for orthorhombic phase Mg2GeSe4, Ca2GeSe4 and γ-Sr2GeSe4

compounds with 28 atoms per unit cell in crystal bulk. Similarly, for monoclinic phase,

Ba2GeSe4 with 14 atoms per bulk unit cell, a slab of 15-layers containing 210 atoms is

found thick enough for each facet orientation to converged with lowest total slab energy.

Similarly, the approach used to determine the crystal (bulk) energy Ebulk in Equation

3.4.5 also has significant role in achieving surface energy convergence. Thus, for smooth

surface energy convergence, Ebulk is extracted from the slope of linear fit of the total

slab energy as a function slab thickness (Ns/Nb). This method is proposed by Fiorentini

and Methfessel [180] to solve the problem of quantum size effect. Therefore, Ebulk are

extracted from single calculation of periodic slab not from the unit cell calculation.

Calculated bulk energy Ebulk from a linear fit of total slab energy versus slab thickness

are shown in Figure 4.15. Our calculated bulk energy Ebulk for A2GeSe4 (A = Mg,

Ca, γ-Sr and Ba) for each low index orientations from the linear fit of total slab energy

are listed on linear fit Figure 4.15. Calculated linear fit bulk energy for 100, 101, 110

and 111 surface orientations for Mg2GeSe4 are -118.19, -118.18, -118.27 and -118.28 eV

respectively, the energies are ≤ 0.19% greater compared to -118.41 eV calculated bulk

unit cell energy. For Ca2GeSe4 the calculated energies are -131.56, -132.54, -132.52 and

-132.57 eV for 100, 101, 110 and 111 orientations respectively and are greater by ≤
1.22% compared to -133.16 eV bulk unit cell energy. Similarly, -132.36, -132.37, -132.46

and -132.37 eV, are calculated linear fit Ebulk for γ-Sr2GeSe4 100, 101, 110 and 111

orientations respectively and are ≤ 0.11% greater than -132.51 eV bulk unit cell energy,

also for monolinic phase Ba2GeSe4 the calculated linear fit Ebulk are -67.99, -68.06,
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Figure 4.14: The convergence test of total slab energy as a function of slab thickness
for A2GeSe4 (A = Mg, Ca, γ-Sr and Ba) compound.
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Figure 4.15: Calculated bulk energy Ebulk from the slope of linear fit of total slab
energy versus slab thickness for A2GeSe4 (A = Mg, Ca, γ-Sr and Ba) compounds.
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Table 4.6: (a) - (d) Calculated surface energy (J/m2) of 100, 101, 110 and 111 surface
orientation for A2GeSe4 (A = Mg, Ca, γ-Sr and Ba) compound respectively.

(a)Mg2GeSe4
Surface orientation 100 101 110 111

Surface energy (J/m2) 1.53 1.23 1.26 1.29

(b)Ca2GeSe4
Surface orientation 100 101 110 111

Surface energy (J/m2) 1.83 3.76 2.97 2.79

(c)γ-Sr2GeSe4
Surface orientation 100 101 110 111

Surface energy (J/m2) 1.68 1.36 1.16 1.00

(d)Ba2GeSe4
Surface orientation 100 101 110 111

Surface energy (J/m2) 1.40 1.78 2.28 0.75

-68.10 and -67.86 eV for 100, 101, 110 and 111 orientations respectively and they are ≤
0.38% greater than -68.12 eV bulk unit cell energy. Although, the calculated linear fit

Ebulk from periodic supercell slab compared to calculated bulk unit cell Ebulk differance

is quite small, it’s influence is significant for surface energy calculation and also confirm

the reliability of our supercell slab calculations.

The full structural optimization for atomic positions are carried out on the converged

9-layers slab of 252 atoms for the orthorhombic A2GeSe4 (A = Mg, Ca and γ-Sr) and

15-layers slab of 210 atoms for monoclinic Ba2GeSe4 phases surfaces. From the opti-

mized structures the vacuum convergence test are carried out to calculated vacuum size

that is enough to saperate the slab layers from interacting and also for the subsequent

calculation of the surface energy. Figure 4.16 shows total slab energy as a function of

vacuum size. The vacuum size of 15 - 30 Å applied perpendicular to the periodic surface

slab are found sufficient to separate periodic slab layers from interacting with each other

for 100, 101, 110 and 111 surface orientations of A2GeSe4 compounds.

From each vacuum size with fixed 9 and 15 layers slab thickness for orthorhombic and

monoclinic phases respectively, we calculated the surface energy using Equation 3.4.5

to also test for surface energy convergence as a function of vacuum size. Figure 4.17

shows the calculated surface energy as a function of vacuum size, as observed from this

figures, the calculated surface energy are seen to converged between 20 - 30 Å vacuum

size. The converged surface energy are listed in Table 4.6. Our calculated surface energy
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Figure 4.16: Vacuum size convergence test for variation of total slab energy on 9 slab-
layer thickness for A2GeSe4 (A = Mg, Ca, γ-Sr) and 15 slab-layer thickness Ba2GeSe4

compound.
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Figure 4.17: Surface energy convergence test for variation of vacuum size calculated
on 9 slab-layer thickness for A2GeSe4 (A = Mg, Ca, γ-Sr) and 15 slab-layer thickness
Ba2GeSe4 compound.
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for Mg2GeSe4 100, 101, 110 and 111 orientations are 1.53, 1.23, 1.26 and 1.29 J/m2

respectively, and for Ca2GeSe4 are 1.83, 3.76, 2.97 and 2.97 J/m2 respectively. Similarly,

the calculated surface energy for γ-Sr2GeSe4 and Ba2GeSe4 of 100, 101, 110 and 111

orientations are 1.68, 1.36, 1.16, 1.00 and 1.40, 1.78, 2.28, 0.75 J/m2 respectively.

Figure 4.18: Wulff shapes constructed using the calculated surface energy of 100, 101,
110 and 111 surface orientations for A2GeSe4 (A = Mg, Ca, γ-Sr and Ba) compounds.

We constructed the Wulff shapes based on the calculated surface energies listed in Ta-

ble 4.6, using the Edwin and Blendel [181] Wulffman crystal shape generator. The

constructed Wulff shapes for A2GeSe4 (A = Mg, Ca, γ-Sr and Ba) compounds are

shown in Figure 4.18. Wulff shapes predict the equilibrium shape of nanoparticle and

identified the most stable orientation given the surface energy of the material, thermo-

dynamically stable orientations all appear on Wulff shape [182]. From the Wulff shapes

provided in Figure 4.18 the four orientations under study all appear on the Wulff shapes

for Mg2GeSe4 and Ca2GeSe4, hence all the surfaces under study are thermodynamically

stable with Mg2GeSe4(101) and Ca2GeSe4(100) surface orientation having larger sur-

face area. Similarly, for γ-Sr2GeSe4 and Ba2GeSe4 only 110, 111 and 100, 101, 111

surface orientation respectively appear on the Wulff shape Figure 4.18, from the shape

γ-Sr2GeSe4(111) and Ba2GeSe4(111) surface orientation are seen to occupy large surface

area. Orientations with smaller surface energy are seen to have occupied the larger sur-

face area on the Wulff shape. It is assumed that surface orientation with lower surface

energy dominated the equilibrium Wulff shape. These surface orientations are the must

energetically favoured and more stable surface orientations. From our calculated sur-

face energies for A2GeSe4 (A = Mg, Ca, γ-Sr and Ba) surface orientations, it has been

observed that Mg2GeSe4(101), Ca2GeSe4(100), γ-Sr2GeSe4(111) and Ba2GeSe4(111)

orientations possess smaller calculated surface energy of 1.23, 1.83, 1.00, 0.75 J/m2 re-

spectively, and are seen occupied large surface are on Wulff shapes respectively, hence

they are most stable and energetically favoured orientations.
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Figure 4.19: Calculated average electrostatic potential perpendicular to surface us-
ing PBEsol for Mg2GeSe4(101), Ca2GeSe4(100), γ-Sr2GeSe4(111) and Ba2GeSe4(111)
surface orientation, reference Fermi energy, vacuum potential and band gap center are
represented by Maroon, blue and green colours dotted line respectively. Red dotted
curve on Mg2GeSe4(101) and Ca2GeSe4(100), show calculated average electrostatic po-
tential without dipole correction.
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4.2.3 Electrostatic potential, work function and band gap center

The calculation of average electrostatic potential perpendicular to periodic surface is

very important and critical in determining the flat vacuum potential level and work

function. All calculation of the average electrostatic potential perpendicular to pe-

riodic surface are performed on Mg2GeSe4(101), Ca2GeSe4(100), γ-Sr2GeSe4(111) and

Ba2GeSe4(111), the most stable and energetically favourable surface orientation accord-

ing to our calculation of surface energy and Wulff shape diagram. On the most stable

surface the 9 and 15 layers periodic slab thick and vacuum size of 20 - 30 Å is used for

the calculation of the average electrostatic potential. However, the periodic slab surface

of Mg2GeSe4(101), Ca2GeSe4(100), γ-Sr2GeSe4(111) and Ba2GeSe4(111) are Tasker

type 3 surface [108]. They are charged and have dipole moment created perpendicular

to the surface. Similarly, the choice of plane-wave basis set used in this calculation

imposess periodic boundary conditions on the electrostatic potential which creates ar-

tificial electrostatic potential in the vacuum region [109]. Therefore, to determine the

flat vacuum potential we included the dipole correction to cancel the perpendicular

dipole moment in the vacuum region [108, 109] in the average electrostatic calculation.

For Mg2GeSe4(101) and Ca2GeSe4(100) are surfaces that have large internal dipole

moment, therefore the electrostatic potential on either of the periodic surface layer dif-

fer. Thus calculated average electrostatic potential with dipole correction to cancel the

large dipole moment in the vacuum region created a potential jump seen in Figure 4.19

[109, 110, 183]. Figure 4.19 shows the calculated average electrostatic potential (vi-

olet curve) for Mg2GeSe4(101), Ca2GeSe4(100), γ-Sr2GeSe4(111), and Ba2GeSe4(111)

surface orientation with flat vacuum potential energy indicated by the top-blue dotted

line.

Using the flat vacuum potential energy (Evac), we evaluated the work function (Φ)

using Equation 2.4.1 in combination of valence band minimum (VBM) approximated

to Fermi energy (EFermi ≈ VBM). The energy of band gap center (BGC) is also

calculated using the method described in chapter 3 section 3.1. The vacuum potential

energy, work function and band gap center are listed in Table 4.7 (a). It can be seen from

Table 4.6 (a) the calculated work function for the orthorhombic phase Mg2GeSe4(101),

Ca2GeSe4(100), γ-Sr2GeSe4(111) of the most stable orientation are similar with only

about 3% difference. This can be associated with their cohesive energy (Ecoh) listed in

Table 4.2 and their Fermi energy levels. The monoclinic phase Ba2GeSe4(111) has the
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Table 4.7: (a) and (b) Calculated from slab model the vacuum potential Evac, work
function Φ, band gap center BGC, band egdes EVBM and ECBM in eV respectively
and surface energy γ in J/m2 from the most stable surface and calculated EVBM and
ECBM eV using the absolute Mulliken’s electronegativity EN model for A2GeSe4 (A =
Mg, Ca, γ-Sr and Ba) compound respectively.

(a)

Surface Evac Φ EBGC
G0W0+BSE HSE06

γ
EVBM ECBM EVBM ECBM

Mg2GeSe4(101) 5.021 4.829 -4.727 -6.017 -3.437 -6.092 -3.362 1.23

Mg2GeSe4(110) 5.136 5.204 -5.190 -6.480 -3.90 -6.555 -3.825 1.26

Ca2GeSe4(100) 4.447 4.662 -4.644 -5.794 -3.494 -5.824 -3.464 1.83

γ-Sr2GeSe4(111) 4.867 4.688 -4.579 -6.009 -3.149 -5.984 -3.174 1.00

Ba2GeSe4(111) 4.761 3.841 -3.711 -4.736 -2.689 -5.041 -2.381 0.75

(b)

compound
bulk

EVBM ECBM

Mg2GeSe4 1.972 -0.978

Ca2GeSe4 1.052 -1.474

γ-Sr2GeSe4 1.221 -1.869

Ba2GeSe4 1.164 -1.366

lowest recorded work function of 3.841 eV due to higher position of Fermi energy level.

4.2.4 Absolute band edge potentials

The absolute band edges are considered as highly surface dependent, it is important to

consider more stable surface[184]. To our knowledge, there is no reported experimentally

identified surface for Seleno-germanates A2GeSe4 (A = Mg, Ca, γ-Sr and Ba) compound.

Therefore, the most stable surface orientation with smaller surface energy identified from

our calculation is used for the evaluation of band edges. For the slab model, the band

edge positions EVBM and ECBM are calculated using equation 3.1.1 and 3.1.2. The

calculated G0W0+BSE and HSE06 energy gap Eg are used for the calculation EVBM

and ECBM , because the G0W0+BSE calculation corrected the ionization potential [185].

The HSE06 band gap is additionally used for calculating EVBM and ECBM positions

because HSE06 estimated band gap compared to G0W0+BSE are ≤ 5% less. The EVBM

and ECBM positions are also calculated using the empirical model of Mulliken’s absolute

electronegativity (EN) of atoms. The model is based on the assumption of absolute

electronegativity (χ) as a geometrical mean of electronegativities of the constituent

atoms [117, 186] using equation 3.1.3 and 3.1.4. In Table 4.7 (a) and (b) we show

the calculated band edges EVBM and ECBM for A2GeSe4 (A = Mg, Ca, γ-Sr and Ba)
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materials obtained from the slab model using the G0W0+BSE and HSE06 band gaps

and EN model using G0W0+BSE respectively.

To evaluate the implication of our calculated band edges for these materials to water-

splitting they are compared to the standard redox potential for water-splitting. Figure

4.20 shows the slab model band edges positions of A2GeSe4 (A = Mg, Ca, γ-Sr and

Ba) calculated using G0W0-BGC approach compared to the standard hydrogen elec-

trode (SHE) with respect to the redox potential for reduction -4.44/-4.03 eV (H+/H2)

and oxidation -5.67/-5.26 eV (H2O/O2) of water in a vacuum scale at pH = 0 and 7

respectively [187], since the photacatalytic reaction are closely pH dependent [119] and

redox potentials are calculated using EH+/H2
= -4.44 eV + pH×0.059 eV and EO2/H2O

= -5.67 eV + pH×0.059 eV for reduction and oxidation potentials respectively. For a

semiconductor material to function as a photocatalyst, its band edge EVBM and ECBM

positions has to be more negative and positive respectively than the redox potential

SHE electrode.

The calculated band egde EVBM and ECBM are listed in Table 4.7, the values are

compared to standard hydrogen electrode (SHE) at pH = 0 and pH = 7 as shown

in Figure 4.20 respectively. The Mg2GeSe4(101), Mg2GeSe4(110), Ca2GeSe4(100) and

γ-Sr2GeSe4(111) surfaces have EVBM/ECBM positions values of -6.017/-3.437, -6.480/-

3.90, -5.794/-3.394 and -6.009/-3.149 eV respectively. It is seen that the EVBM is more

negative than the oxidation potential and ECBM is more positive than the reduction

potential compared to SHE redox potential measured on both pH = 0 and pH = 7 scale,

respectively. The estimated reduction power which is the energy difference between the

hydrogen reduction potential and the ECBM energy are 1.00/0.58, 0.54/0.12, 0.95/0.53

and 1.29/0.87 for pH = 0/7 for Mg2GeSe4(101), Mg2GeSe4(110), Ca2GeSe4(100) and

γ-Sr2GeSe4(101) respectively. While the difference between the oxidation potential and

the EVBM energy the so-called oxidation power for Mg2GeSe4(101), Mg2GeSe4(110),

Ca2GeSe4(100) and γ-Sr2GeSe4(101) are 0.34/0.76, 0.81/1.22, 0.12/0.53 and 0.34/0.75

for pH = 0 and 7 respectively. Therefore, our result obtained based on vacuum calcula-

tions suggest that the orthorhombic Mg2GeSe4(101), Ca2GeSe4(100) and γ-Sr2GeSe4(111)

surfaces are promising photocatalytic materials for unassisted water-splitting applica-

tion. For the monoclinic Ba2GeSe4(111) surface, our slab model calculation shows that

this compound have -4.976 and -2.446 eV EVBM and ECBM respectively. Compared

with the redox potential Ba2GeSe4 have more positive ECBM position than the re-

duction potential and can only be used for water reduction (H+/H2). To our very best
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Figure 4.20: Calculated valence band maximum EVBM and conduction band min-
imum ECBM edge positions using G0W0 + BSE band gap versus redox potential of
reduction H+/H2 and oxidation O2/H2O in the vacuum and normal hydrogen electrode
(NHE) of water-splitting for A2GeSe4 (A = Mg, Ca, γ-Sr and Ba) compound obtained
from the slab model and EN model respectively.
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knowledge, there is no available experimental and theoretical data for EVBM and ECBM

band edge for comparison. Our calculated band edge positions using G0W0+BSE and

HSE06 compared to redox potential from slab model confirmed that A2GeSe4 (A = Mg,

Ca, γ-Sr) compound have EVBM and ECBM position suitable for overall water-splitting

for O2 and H2 evolution and Ba2GeSe4 has only suitable ECBM for water reduction.

Table 4.7 (b) shows the calculated band edge EVBM and ECBM position using the

absolute Mulliken’s electronegativity (EN) model by employing the G0W0+BSE band

gap. The calculated conduction and valence band edge ECBM/EVBM are -0.978/1.972,

-1.474/1.056, -1.869/1.221 and -1.366/1.164 eV versus (NHE) for A2GeSe4 (A = Mg,

Ca, γ-Sr and Ba) respectively. The EVBM and ECBM are compared to the (NHE)

redox potential the absolute vacuum scale (EAV S = 0) of reduction potential H+/H2O

(0.0 eV) and oxidation potential O2/H2O (1.23 eV) and vacuum potential for pH =

0 and 7 respectively. Figure 4.20 shows the ECBM/EVBM position calculated using

EN model are compared to the redox potential of NHE and vacuum for pH = 0 and

7, at pH = 0 it is seen that Mg2GeSe4 compound can straddle the redox potential

of water, while A2GeSe4 (A = Ca, γ-Sr and Ba) possess only reduction potential of

water. Similarly, ECBM/EVBM position compared to the redox potential of NHE and

vacuum at pH = 7 shows that A2GeSe4 (A = Mg, Ca, γ-Sr and Ba) both can straddle

potential of water. Therefore, according to EN model A2GeSe4 (A = Mg, Ca, γ-Sr

and Ba) compounds have redox potential positions for overall water splitting into O2

and H2 evolutions at pH = 7. Due to limited experimental and other theoretical data

for this compounds, from the basis of our analysis of both the slab model and EN

model calculated valence band maximum and conduction band minimum compared

with redox potential of normal hydrogen and vacuum electrode for pH = 7 can serve as

guide for photocatalytic promising application of A2GeSe4 (A = Mg, Ca, γ-Sr and Ba)

compounds.

4.2.5 Bader charge analysis

The Bader charge density analysis at the surface of A2GeSe4 was carried out to inves-

tigate the charge depletion and accumulation at the topmost surface layer of A2GeSe4

(A = Mg, Ca, γ-Sr and Ba) compound. Charge density analysis was carried out using

VESTA [188], with the help of equation of charge density difference of system and it’s

fragment given as ∆ρ = ρABC −
∑
ρfragment
i , where ρABC is total charge density of
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A2GeSe4 and ρfragment
i is the charge density of individual isolated A, Ge and Se atoms

of the system. Charge density distribution on A2GeSe4(A = Mg, Ca, γ-Sr, Ba) sur-

faces are identical, Figure 4.21 shows the charge density distribution on isosurface of

A2GeSe4(A = Mg, Ca, γ-Sr, Ba) surface. The A, Ge, and Se atoms are represented

by purple, green and red colour respectively. From the top isosurface layer the yellow

colour is the charge distribution/accumulation, the cyan colour is the charge depletion

due to the top layer surface termination atoms. Charge depletion are seen around the

A and Ge atoms, indicating that the A and Ge atoms contribute charges to share with

other atoms. Similary, the charge accumulation are observed around the Se atom which

indicate that Se atom is covalently bonded with other atom on the surface. The charge

accumulation in yellow coloured seen at the top isosurface in Bader charge analysis

of the system is reported to be responsible in enhancing the PEC and photocatalytic

activities of materials, by likely decreasing the charge recombination and easy charge

transfer to adsorbates [189, 190]. From the charge analysis for these A2GeSe4 com-

pounds, which demonstrates charge density depletion at isosurfaces; and analysis of

their band edge positions, one can conclude that these compounds may be suitable for

phocatalytic applications.

Figure 4.21: The calculated charge density distribution plot of A2GeSe4 surface. The
purple, green and red colours represent A, Ge, and Se atoms respectively. At the top
isosurface, the cyan and yellow colours denote depletion and accumulation of charge
density.
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4.2.6 Surface electronic structure

We calculated electronic density of states (EDOS) of bulk A2GeSe4 (A = Mg, Ca, γ-Sr

and Ba), their more stable surface Mg2GeSe4(101), Ca2GeSe4(100), γ-Sr2GeSe4(101)

and Ba2GeSe4(101) are considered. Figure 4.22 and 4.23 shows (from the left) bulk

EDOS and (from the right) surface electronic density of state for comparison. The

characteristic features of the calculated EDOS for both bulk and surface are quite simi-

lar, the surface EDOS are more dense and pronounced with additional peaks compared

to bulk. For Mg2GeSe4 and its (101) surface, Ca2GeSe4 and its (100) surface their top

valence bands are dominated by contribution from p-orbital of Se atom and contribution

of p-orbital of Se and s-orbital of Ge atoms are seen to dominate their conduction bands.

Similarly, for γ-Sr2GeSe4 and its (111) surface, Ba2GeSe4 and its (111) surface their

valence band are dominated by contribution of p-orbital of Se atom, while their bottom

conduction bands are seen to be dominated by p-orbital of Se, s-orbital of Ge, d-orbital

of Sr and Ba atoms respectively. Significant difference seen between the calculated bulk

and surface EDOS is the formation of TDOS and PDOS of p-orbital of Se atom surface

state located around the zero Fermi-level. This is due to creation of surface state; which

indicate that this surfaces state could act as trapping center to achieve a good electric

performance and reactivity [190].

Also observed from Figure 4.22 and 4.23 is the difference between band gap described

by the calculated EDOS of bulk and that of surface states, there is significant band

gap reduction in surface state. According to our calculation Mg2GeSe4(101) surface is

described as metal with no band gap between VBM and CBM, while Ca2GeSe4(100)

surface has a very narrow band gap. Similarly, for γ-Sr2GeSe4(111) and Ba2GeSe4(111)

surfaces are semiconductors with small difference between their band gaps and that of

the bulk compounds. These band gap reduction in surface electronic structures are due

to conduction band minimum shifting toward valence band and may be attributed to

surface termination and effect of charge disproportionations at topmost surface layer

[191]. The band gap reduction and existance of surface electronic state around the

Fermi energy are some of the features of electronic properties of surface state and

is a common characteristic observed with an extended two-dimensional (2D) systems

[153, 191, 192, 193] Finally, from our investigation of photocatalytic properties of seleno-

germanate A2GeSe4 (A = Mg, Ca, γ-Sr and Ba) compound. We have seen from the

analysis of band edge positions compared with redox potential of standard hydrogen
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Figure 4.22: Calculated electronic density of state (EDOS) using PBEsol of bulk
A2GeSe4 (A = Mg and Ca) compounds and their surfaces compared.
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Figure 4.23: Calculated electronic density of state (EDOS) using PBEsol of bulk
A2GeSe4 (A = γ-Sr and Ba) compounds and their surfaces compared.
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electrode, Bader density charge analysis, surface electronic properties and possessing of

broad edge of fundamental absorption between 2.05 - 2.86 eV of A2GeSe4 (A = Mg,

Ca, γ-Sr and Ba) compounds satisfying condition to function as a promising candidate

for application in photocatalytic overall water splitting.



5
Summary and future work

5.1 Summary

In this work, we have investigated the structural, mechanical, dynamical, electronic,

optical and photocatalytic properties of seleno-germanates A2GeSe4 (A = Mg, Ca, γ-

Sr and Ba) compound using the first principles calculations. In the first part of this

thesis, the density functional theory and many perturbation theory is used to study the

ground-state properties and the optical properties of bulk A2GeSe4 (A = Mg, Ca, γ-Sr

and Ba) compounds. This is to gain an understanding of their stability and suitable

applications. In the second part, we study using GGA (PBEsol) the periodic supercell

slab of 100, 101, 110 and 111 low index surface orientation of A2GeSe4 (A = Mg,

Ca, γ-Sr and Ba) compound to investigate the average electrostatic potential, vacuum

potential, surface stability, surface energy, charge density distribution, surface electronic

properties, valence and conduction band edge positions in order to established a useful

informations for photocatalytic application.

The calculated structural parameters from PBE and PBEsol i.e. lattice parameter and

the equilibrium volume are comparable to experimental data. The elastic constants sat-

isfy the Born stability criterion for orthorhombic and monoclinic compounds confirming

the A2GeSe4 compounds mechanical stability. Vibrational properties are calculated us-

ing PBEsol for A2GeSe4 along the high symmetry kpoints. From the calculated phonon

dispersion curves there is no negative frequencies seen which further confirmed the

dynamical stability of A2GeSe4 compounds. Band structure, the total and projected

81
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density of state (TPDOS) calculation is performed with PBEsol, semi-local modified

Becke-Johnson potential, to investigate the electronic properties. The band structure

calculated using PBEsol and MBJ are compared. From the band structure analysis,

PBEsol underestimated the band gap due to the absence of derived discontinuity and

MBJ opens the gaps of studied compounds. From the projected density of state (PDOS)

the valence band maximum of A2GeSe4 compounds are dominated by contribution of

Se(p) states, the conduction band minimum of Mg2GeSe4 and Ca2GeSe4 is dominated

by Se(p) and Ge(s) state, while for γ-Sr2GeSe4 and Ba2GeSe4 the conduction band min-

imum is dominated by Sr(d), Se(p) states and hybridization of Ba(d), Ge(s) and Se(p)

states respectively. Our calculated electronic structure results suggested that Mg2GeSe4

is an indirect band gap, the calculated band gap with modified Becke-Johnson (MBJ),

hybrid functional the Heyd-Scuseria-Ernzerhof (HSE06), and quasiparticle G0W0+BSE

are 11.8%, 26% and 24% greater respectively compared to 2.02 eV measured experimen-

tally. There is no experimental reported gap for Ca2GeSe4, γ-Sr2GeSe4 and Ba2GeSe4,

our calculated electronic property i.e. band gaps from hybrid functional MBJ and

HSE06 for Ca2GeSe4 are 9.0%, 1.7%, γ-Sr2GeSe4 are 13.4%, 3.0% and Ba2GeSe4 are

5.4%, 10.2% compared to average quasiparticle G0W0+BSE band gap respectively.

BSE approximation is successfully applied to determine the optical parameters such as

imaginary and real dielectric constants, refractive index, reflectivity, extinction coeffi-

cient and energy loss and are analysed. Optical absorption spectra of A2GeSe4 results

respectively show a significant optical polarization anisotropy in the visible region. Tauc

method is employed to evaluate the band gaps from the BSE absorption. Our calculation

shows that Mg2GeSe4 has 2.60, 2.58, 2.82, Ca2GeSe4 has 2.30, 2.37, 2.30, γ-Sr2GeSe4

has 2.92, 2.93, 2.86 and Ba2GeSe4 has 2.47, 2.05, and 2.66 eV measured band gaps in a−,

b− and c− direction respectively. The reported optical anisotropy and our calculated

BSE band gaps of values between 2.05 - 2.93 eV suggest that A2GeSe4 are semiconduc-

tors that have the potential to absorb light in the ultraviolet and visible region and can

have the promising applications as non-linear optics, photovoltaic (multi-junction solar

cell) and photocatalytic materials.

The position of band edges, the valence band maximum EVBM and conduction band

minimum ECBM are compared to redox potentials of water, surface properties i.e. av-

erage electrostatic potential, vacuum potential, work function, surface energy, charge

density distribution and surface electronic property of materials play a significant role

in identifying the photocatalytic active materials. Using PBEsol periodic calculation
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we carried out detailed studies of photocatalytic properties of A2GeSe4 (A = Mg, Ca,

γ-Sr and Ba) compound. The periodic supercell slab method was employed to study

the 100, 101, 110 and 111 low index surface orientations properties. The band edge

EVBM and ECBM positions are calculated using slab model and absolute Mulliken’s

electronegativity EN model

For the slab model, convergence test of slab thickness and vacuum size are first carried

out to identify sufficient slab thickness and vacuum size of 100, 101, 110 and 111 periodic.

From the convergence test 9-layer thick periodic surface for orthorhombic A2GeSe4 (A =

Mg, Ca and γ-Sr) phase, 15-layer periodic surface for monoclinic Ba2GeSe4 and 20 - 30

Å vacuum size for both are found sufficient for the calculation. The calculated surface

energies for the low index surfaces mention above are for: Mg2GeSe4 are 1.53, 1.23,

1.26, 1.29, Ca2GeSe4 are 1.83, 3.76, 2.97, 2.79, γ-Sr2GeSe4 are 1.68, 1.36, 1.16, 1.00 and

Ba2GeSe4 are 1.40, 1.78, 2.28 and 0.75 J/m2 respectively. Our surface energy calculation

and Wulff shape plots confirmed Mg2GeSe4(101), Ca2GeSe4(100), γ-Sr2GeSe4(111) and

Ba2GeSe4(111) surface orientations have smaller surface energy and large surface area.

Gibbs concluded that quantity of matter will attain shape with minimal surface energy,

thus surface orientation with smaller surface energy will only appear on the Wulff shape

and should be considered the most stable surface.

On the more stable surface orientation, average electrostatic potential is calculated and

hence vacuum potential energy (Evac) , work function (Φ) and BGC are determined.

For slab model we calculated band edge EVBM and ECBM positions using quasiparticle

G0W0+BSE band gap that is calculated from bulk materials, in combination of the band

gap center (BGC). Our calculated band edge position EVBM/ECBM for Mg2GeSe4(101),

Mg2GeSe4(110), Ca2GeSe4(100), γ-Sr2GeSe4(111) and Ba2GeSe4(111) are -6.017/-.437,

-6.480/-3.90 -5.794/-3.494, 6.009/-3.149, -4.736/-2.689 eV respectively. This calculated

EVBM and ECBM positions are compared to the standard hydrogen electrode (SHE)

redox potential. The results show that the orthorhombic A2GeSe4 (A = Mg, Ca, γ-Sr)

phase has more negative EVBM position than the redox oxidation potential (O2/H2)

and the ECBM position is more positive than the redox reduction potential (H+/H2)

both at pH = 0 and 7 respectively. The estimated oxidation and reduction power of

Mg2GeSe4(101), Mg2GeSe4(110), Ca2GeSe4(100) and γ-Sr2GeSe4(111) are 0.34/0.88,

0.81/1.33, 0.12/0.64, 0.34/0.86 and 1.00/0.59, 0.54/0.13, 0.95/0.54, 1.29/0.88 eV both

at pH = 0/7, respectively. Comparison of band edge to the redox potential reveals that

A2GeSe4 (A = Mg, Ca, γ-Sr) compound are promising photocatalytic materials for the
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unassisted overall water-splitting application. For the monoclinic Ba2GeSe4 phase, our

calculated ECBM position is more positive than the redox reduction potential (H+/H2)

both at pH = 0 and 7 hence has the reduction redox potential of water. Therefore,

according to the slab model calculation Ba2GeSe4 can only reduce water but cannot

oxidize water, to achieve overall water splitting reaction Ba2GeSe4 require external bias

potential.

Finally, using the absolute Mulliken’s negativity the so-called EN model based on geo-

metrical mean of electronegativity of the constituent atoms of A2GeSe4 (A = Mg, Ca,

γ-Sr and Ba), we also calculated the valence band maximum EVBM and conduction

band minimum ECBM . The band edge positions the EVBM and ECBM are calculated

using the calculated bulk quasiparticle G0W0+BSE band gap. The calculated EVBM

and ECBM positions using EN model for A2GeSe4 (A = Mg, Ca, γ-Sr and Ba) are 1.972,

1.056, 1.221, 1.164 and -0.978, -1.474, -1.869 and -1.366 eV respectively. According to

our EN model calculation, EVBM and ECBM positions compared to the redox potentials

of water versus the normal hydrogen electrode (NHE) reveal that A2Ge4 (A = Mg, Ca,

γ-Sr and Ba) can straddle the redox potential of water at pH = 7. In comparison, both

the slab model and EN model calculated band edge positions show that A2Ge4 (A =

Mg, Ca, γ-Sr and Ba) that have the potentials to straddle the redox potential for overall

water splitting at pH = 7. Due to limited experimental and other theoretical calculated

data for this compounds, we are the first to carry out an investigation on the ground

state, excited state and photocatalytic properties of A2Ge4 (A = Mg, Ca, γ-Sr and Ba)

compound. We expect our findings will serve as a contribution to knowledge and open

stage for further studies on these compounds.

5.2 Future Work

1. The orthorhombic Ca2GeSe4 is a hypothetical compound the ground state proper-

ties calculated using PBE and PBEsol reveal that Ca2GeSe4 is mechanically and

dynamically stable. The calculated cohesive and formation energy suggested that

this compound can be formed. Therefore, to compare our calculated ground-state

properties require the experimental data.

2. Both slab and EN model calculated band edge position reveals that Ba2GeSe4 can

only reduce water at pH = 0 or pH = 7 respectively. Therefore, further study is
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required on this compound. We suggest that for Ba2GeSe4 compound to function

for overall water-splitting it requires an external bias. This requires dopping

Ba2GeSe4 compound with suitable atom or should be combined with another

semiconductor that has suitable oxidation potential the so-called heterojunction

or Z-scheme. The process which is computationally demanding.
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Crystal structures and properties of the thiostannates Eu2SnS4 and Sr2SnS4 and



REFERENCES Page 90

the selenogermanate γ-Sr2GeSe4. Zeitschrift für Anorganische und Allgemeine

Chemie, 629(7-8):1379–1384, 2003.

[36] Abdeljalil Assoud, Navid Soheilnia, and Holger Kleinke. From yellow to black:

New semiconducting Ba chalcogeno-germanates. Zeitschrift für Naturforschung

B, 59(9):975–979, 2004.

[37] Kui Wu, Shilie Pan, and Zhihua Yang. Ba2GeS4 and Mg2SnS4: Synthesis, struc-

tures, optical properties and electronic structures. RSC Advances, 5(42):33646–

33652, 2015.

[38] Kui Wu, Xin Su, Zhihua Yang, and Shilie Pan. An investigation of new in-

frared nonlinear optical material: BaCdSnSe4, and three new related centrosym-

metric compounds: Ba2SnSe4, Mg2GeSe4, and Ba2Ge2S6. Dalton Transactions,

44(46):19856–19864, 2015.

[39] Jonathan W Lekse, Meghann A Moreau, Katie L McNerny, Jeongho Yeon, P Shiv

Halasyamani, and Jennifer A Aitken. Second-harmonic generation and crystal

structure of the diamond-like semiconductors Li2CdGeS4 and Li2CdSnS4. Inor-

ganic Chemistry, 48(16):7516–7518, 2009.

[40] Michael Schaefer, Ralph Staehler, Wolff-Ragnar Kiebach, Christian Naether, and

Wolfgang Bensch. Four new thioantimonates (iii) with the general formula [TM

(tren)] Sb4S7 (TM = Mn, Fe, Co, Zn) with the transition metal as part of a thioan-

timonate (iii) network synthesized under solvothermal conditions and tuning of

the optical band gap by the transition metal cation. Zeitschrift für Anorganische

und Allgemeine Chemie, 630(12):1816–1822, 2004.

[41] Zhiqun Lin, Meidan Ye, and Mengye Wang. Multifunctional Photocatalytic Ma-

terials for Energy. Woodhead Publishing, 2018.

[42] Amy L Linsebigler, Guangquan Lu, and John T Yates Jr. Photocatalysis on

TiO2 surfaces: Principles, mechanisms, and selected results. Chemical Reviews,

95(3):735–758, 1995.

[43] Heinz Gerischer. Photocatalysis in aqueous solution with small TiO2 particles

and the dependence of the quantum yield on particle size and light intensity.

Electrochimica Acta, 40(10):1277–1281, 1995.



REFERENCES Page 91

[44] Pankaj Chowdhury, Ghodsieh Malekshoar, and Ajay K Ray. Dye-sensitized pho-

tocatalytic water splitting and sacrificial hydrogen generation: Current status and

future prospects. Inorganics, 5(2):34, 2017.

[45] Akihiko Kudo and Yugo Miseki. Heterogeneous photocatalyst materials for water

splitting. Chemical Society Reviews, 38(1):253–278, 2009.

[46] William S Sheldrick and Michael Wachhold. Chalcogenidometalates of the heavier

group 14 and 15 elements. Coordination Chemistry Reviews, 176(1):211–322, 1998.

[47] Eugen Ruzin, Christian Zimmermann, Pierre Hillebrecht, and Stefanie Dehnen.

Syntheses and structures of solvated tetrasodiumtetrachalcogenostannates [Na4

(en) 4][Sne4](en= 1, 2-diaminoethane; e= Te, Se), and their reactions toward

further ternary or quaternary chalcogenometallates [Mn (en) 3] 2 [Sn2Te6]· 4H2O

or [Na10 (H2O) 34][Mn4 (µ4-Se)(SnSe4) 4]. Zeitschrift für Anorganische und

Allgemeine Chemie, 633(5-6):820–829, 2007.

[48] R L Bedard, S T Wilson, L D Vail, JM Bennett, and E M Flanigen. The next

generation: synthesis, characterization, and structure of metal sulfide-based mi-

croporous solids. In Studies in Surface Science and Catalysis, volume 49, pages

375–387. Elsevier, 1989.

[49] Bernt Krebs. Thio-and seleno-compounds of main group elementsnovel inorganic

oligomers and polymers. Angewandte Chemie International Edition in English,

22(2):113–134, 1983.

[50] K Susa and H Steinfink. Ternary sulfide compounds AB2S4: The crystal struc-

tures of GePb2S4 and SnBa2S4. Journal of Solid State Chemistry, 3(1):75–82,

1971.

[51] A-M Lamarche, G Lamarche, C Church, J C Woolley, I Ph Swainson, and

T M Holden. Neutron diffraction study of magnetic phases in polycrystalline

Mn2SiS4. Journal of Magnetism and Magnetic materials, 137(3):305–312, 1994.

[52] Mariette Hellenbrandt. The inorganic crystal structure database (ICSD)present

and future. Crystallography Reviews, 10(1):17–22, 2004.
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[89] D R Hamann, M Schlüter, and C Chiang. Norm-Conserving Pseudopotentials.

Physical Review Letters, 43(20):1494, 1979.
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