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Abstract

Both perovskites and oxide materials have gained significant attention in recent years

due to their unique properties and, thus, a wide range of possible applications. In

this work, we investigate from first principles metal-oxide and halide perovskites, like

BaSnO3, CsPbI3, etc., and large band-gap oxide materials, like Ga2O3, ZrO2, etc.

We focus on their electronic properties, computing their electronic band structure

and band gap, the density of states, effective masses, and more by applying density-

functional theory. We employ a range of density functionals, i.e. the local density

approximation (LDA), the generalized gradient approximation (PBEsol), as well as

the hybrid functionals PBE0 and HSE06. All calculations are carried out with the

full-potential all-electron package exciting, that implements the linearized aug-

mented planewave plus local orbital (LAPW+lo) basis to achieve highly precise re-

sults. exciting exhibits thus proven benchmark quality, reaching µHa precision.

Our calculations present benchmark calculations that can serve as valuable reference

data for the community.

Keywords: DFT; Electronic Structure; Perovskites; Benchmarking
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Chapter 1

Introduction

Electronic structure calculations are an essential facet of condensed matter physics,

providing insights into the behaviour of electrons in a structure and offering valuable

information about a material’s properties. These calculations involve computational

techniques to analyse the distribution of electrons within atoms, molecules or solids.

For solids, the behaviour of electrons dictates various macroscopic physical properties,

such as electrical and thermal conductivity, magnetism, and more. Therefore, under-

standing the electronic structure of such systems is crucial for developing materials

with tailored functionalities.

Electronic structure calculations involve a range of theoretical methods, from ab ini-

tio approaches that solve the Schrödinger equation without empirical parameters,

to semi-empirical methods that incorporate empirical data or approximations to de-

scribe electronic behavior, like the Tight Binding model [3]. Various ab initio and wave

function-based methods, such as Hartree-Fock [4], Density-Functional Theory [5], are

available. Density-functional theory (DFT) is a widely used and versatile method

that balances computational efficiency and accuracy for various materials. DFT is

heavily adopted by the scientific community, with more than 15,000 papers published

each year, as per a study done in 2015 [6, 7]. This popularity has led to many indi-

vidual theory implementations by research groups and commercial entities.

To perform a DFT calculation accurately, it is essential to model the system appro-

priately using input parameters such as lattice parameters, atomic coordinates, and

boundary conditions. A DFT calculation requires a set of well-defined basis functions

to model the Kohn-Sham wavefunctions. The precision of the calculation strongly

depends on the basis set. In addition to the basis set, other parameters determine

the sampling of the wavefunction. These parameters are method and code-specific,

but in any case, having a set of well-converged parameters is essential for obtaining
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satisfactory results.

While numerous computational databases are available online, which provide exten-

sive electronic structure calculations publicly, these databases mainly contain calcula-

tions up to a certain level of precision [2, 8, 9, 10]. This is partly because researchers

do not require theoretical simulations of the highest precision in practice and partly

because inexpensive simulation methods such as DFT enable the community to per-

form cheap and satisfactory calculations conveniently. It is apparent that despite the

crucial role it plays in materials design and discovery, there is a shortage of precise

electronic structure calculations that can serve as reference points for data analysis

or future computations.

Benchmark calculations are defined as computations that assess the accuracy of a par-

ticular method to the fullest extent possible. To achieve this, it is crucial to carefully

set up the calculations by selecting parameters that reflect well-converged results.

Convergence, in this context, refers to computing many calculations with varying in-

put parameters until the error in an observable is minimized to a certain threshold. It

is important to distinguish between accuracy and precision in calculations. ‘Accuracy’

refers to how close a value is to a well-established value, usually determined with a

higher-level method or experimentally. ‘Precision’ refers to the consistency of results

within a chosen framework. A value is considered more ‘precise’ if the deviation in

successive values is minimal, usually quantified against a threshold [11].

This work aims to address the lack of highly precise electronic structure calculations

in the community by performing benchmark quality calculations on perovskites and

wide-bandgap oxide materials using exciting, an open-source DFT package [1].

Both sets of materials possess unique and profound properties, making them widely

studied by the community for exploring applications. These computations are in-

tended to serve as reference calculations for the community and are published on

NOMAD, an online database with free public access [2]. We analyze various elec-

tronic properties, such as the electronic band structure and density of states, the

bandgap, and effective masses.

Another issue when using DFT is the dilemma of choosing the appropriate density

functional [12]. In this study, we evaluated six materials using a pool of four exchange-

correlation functionals to compare the results. Since the focus is solely on obtaining

the most precise results for each case, any comparison to experimental values is be-

yond the scope of this work.
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Outline of the thesis:

Chapter 2 provides a comprehensive overview of perovskites and wide-bandgap oxide

systems, discussing their historical development, significance, as well as their physical

and chemical properties. The crystal structures of these systems is also described.

Chapter 3 establishes the theoretical framework used in this work, building upon the

foundation laid in Chapter 2. The derivation of the modern Kohn-Sham DFT formal-

ism will be presented, followed by a review of the implementation of the Linearized

Augmented Planewaves (LAPW) + local orbital (lo) basis set. The advantages of

this method in solving the KS-equations will be presented. Additionally, the various

exchange-correlation functionals, their applications, differences, and implications for

calculations will be discussed.

Chapter 4 provides the workflow for the computation and analysis performed in this

work. It contains information about the computational framework and the steps fol-

lowed in a general protocol. The chapter lists the key ingredients for increasing the

precision of a calculation within the LAPW+lo method, with a very detailed example.

Chapter 5 presents the results of our calculations, with emphasis on the band prop-

erties. This is followed by a critical analysis of the results in Chapter 6. We discuss

and draw inferences on the observed patterns within the scope of this work. Chapter

7 summarizes the study with concluding remarks and presents future directions.
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Chapter 2

Investigated Materials: Structure

and Importance

2.1 Perovskites

Perovskites have garnered significant attention due to their unique physical proper-

ties, versatile behavior, and wide range of applications. The term perovskite was

originally used to describe the oxide mineral CaTiO3, but it has since evolved to rep-

resent a class of materials with a similar structure to CaTiO3 [13]. Hence, perovskites

are materials with a characteristic ABX3 - type crystal structure, where A is typically

an alkaline or rare earth metal surrounded by a transition metal cation B and the

anions X.

Fig. (2.1) shows an example of the cubic perovskite BaSnO3 with space group Pm-3m.

The A cations reside in the corners of the cubic unit cell; the B cation is positioned

in the centre with 6-fold coordination to the surrounding X anions, arranged in an

octahedral geometry around it [14]. The X site is occupied by oxygen with an oxi-

dation state of -1, resulting in [+3] total charge that is balanced by the Ba[+1] and

Sn[+2] cations.

Goldschmidt estimated the ability of an ABX3 - type compound to crystallize in a per-

ovskite structure by formulating the Goldschmidt tolerance factor α [15]. This factor

follows a proportionality relation between the ionic radii of the perovskite structure,

given by:

α =
RA +RX√
2(RB +RX)

(2.1)

It measures how well the big cation A fits the BX6 octahedra. For the ideal per-

ovskite structure, this factor should be 1. However, in practice, most structures yield
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2.1 Perovskites

Figure 2.1: Crystal structure of BaSnO3 within the primitive unit cell

a tolerance of 0.8 - 1.0. The Goldschmidt tolerance factor gives good agreement for

oxide-perovskites, but it is not very accurate in predicting structures with more co-

valent bonds, such as halide-perovskites [16]. Therefore, various modified versions of

this tolerance factor are adopted, taking into account the ionic radii and the oxidation

state or the cation radii depending on the anion present in the composition; these

curated tolerance factors have proven to yield more accurate predictions [17].

Perovskites can assume a variety of structures with diverse compositions due to the

many plausible choices for the ions in the crystal. Perovskites can be classified into

many categories depending on trends in these compositions. One such class of per-

ovskites of particular interest are metal-inorganic perovskites. These compounds

consist of A, typically a large alkali/alkaline earth metal cation (e.g., Cs+, Ca+2),

B, a smaller transition metal ion or group - 13/14 cation (e.g., Pb+2, Sn+2) and X,

an anion (e.g., Cl−, Br−, I−, O−). Depending on their anionic composition, these

compounds can be further classified. Interesting subsets such as halide and oxide

perovskites exhibit a deviation from the fundamental perovskite cubic structure due

to octahedral distortions caused by the large A cation while maintaining the tolerance

factor proportion. As a result, many of these materials adopt a pseudocubic struc-

ture at room temperature. Fig. (2.2) shows an orthorhombic CsPbI3 structure (space

group 62 Pnma). The structure is distorted to adopt an orthorhombic geometry with

four formula units Cs4Pb4I12 in the unit cell.

Metal oxide/halide perovskites have demonstrated remarkable potential in applica-

tions such as solar cells, memory devices, and superconductivity due to their attrac-

tive properties, including high light absorption, long carrier diffusion lengths, charge

transport, and tunable bandgap [12]. These materials have record photovoltaic ef-
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2.1 Perovskites

Figure 2.2: Crystal structure of γ - CsPbI3, with 4 formula units inside the unit cell

ficiencies of more than 25%. Many metal inorganic perovskites are direct bandgap

semiconductors, such as LaInO3 and CsPbI3. They can absorb visible and IR regimes

of the electromagnetic spectra with very high optical absorption coefficients (order

104 − 105 cm−1). This enables them to absorb light efficiently, even in thin-layer se-

tups. These materials possess tunable band gaps, a crucial factor for applications.

In these systems, the valence-band maximum (VBM) is typically formed by the anti-

bonding combination of metal s and anion p orbitals. In contrast, the conduction-

band minimum (CBM) is controlled by the anti-bonding p orbitals of the metal and

anion. Therefore, altering the energy of either the metal or the anionic orbitals can

directly affect the material’s band gap. Thus, the band gap can be curated by intro-

ducing dopants or substituting ions. For example, moving down a group (F, Cl, Br,

I) increases the p orbital energy, raising the VBM and reducing the band gap energy.

Similarly, substituting Pb with Sn raises the metal s orbital energy, reducing the band

gap. The electronic positions of the B cation and the C anion significantly dictate the

band structure and, therefore, the band gap of the materials. Additionally, structural

differences in the larger cation A can alter the overlap between the metal s and an-

ionic p orbitals, destabilising the VBM and leading to an adjusted band gap. These

effects are essential to predict and validate the observed difference in band-gap for

groups of materials with single ion variation like CsPbI3 (≈ 1.6 eV [18]) and CsSnI3

(≈ 1.4 eV [19])

Apart from their profound properties, these materials are also valuable because they

can often be easily fabricated using solution-based processes such as spin-coating,

inkjet printing, or slot-die coating [20]. However, most high-efficiency perovskites have

only been fabricated on small-area modules (< 1 cm2), and these lab-scale deposition
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2.1 Perovskites

processes are not yet ready for practical large-area devices (800 cm2 − 14,000 cm2).

Large-area modules can be manufactured using blade coating, spray coating, and

chemical vapour deposition techniques. These methods are still being developed to

meet the demands of large-scale module production.

A major concern regarding perovskites is their chemical instability. Due to the ionic

nature of the metal-anion bonds, many materials are prone to decompose when ex-

posed to external conditions such as moisture, light, and air. Ongoing research in-

volves compositional engineering to address this issue and improve their practical

applications [21]. Another point of concern is the neurotoxicity of some of these ma-

terials. Lead-based perovskites have long been scrutinised for their potential to leak

lead into the environment [22]. It is important to control the bioavailability of lead

to prevent adverse effects of these perovskites. One straightforward solution is to re-

place Pb with elements like Sn, but it is crucial to maintain the balance as Pb-based

perovskites are currently the most efficient variants. Li et al. [23] conducted a study

comparing the bioavailability of SnI2 and PbI2. The study concluded that SnI2 has

a bioavailability ten times lower than PbI2 due to the low water solubility of SnO,

which is liberated upon the oxidation of PbI2.

Modelling perovskites theoretically can be challenging due to their complex struc-

tures, high electron-phonon coupling, and rapid occurrence of phase transitions [24].

Perovskites often contain a large number of atoms in the unit cell and are frequently

distorted (non-cubic), making them difficult and expensive to model using standard

computational techniques. Additionally, many structures undergo phase transitions

due to changes in temperature, pressure, or other stimuli. Therefore, a deeper under-

standing of the ground state system is necessary to optimise perovskite-based devices.

Table (2.1) provides a list of perovskite materials analysed in this project. We have fo-

cused on the polymorphs that are most stable at room temperature or have particular

significance. Most of these systems follow the ideal cubic or distorted orthorhombic

geometry.

System Geometry Space group
BaSnO3 cubic 221-Pm3m
LaInO3 orthorhombic 62-Pnma
γ - CsPbI3 orthorhombic 62-Pnma
α - CsPbI3 cubic 221-Pm3m
γ - CsSnI3 orthorhombic 62-Pnma

Table 2.1: List of perovskites analysed
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2.2 Wide-bandgap oxides

2.2 Wide-bandgap oxides

Wide band gap oxides are metal-oxide systems with a significant band gap (typi-

cally > 3 eV), imparting them the ability to withstand very high electric fields and

transparency in the visible spectrum [25]. The large bandgap makes these materials

inherently excellent insulators/semiconductors. Fig. (2.3) shows an example struc-

ture of a well studied wide bandgap oxide: β -Ga2O3. It is a monoclinic structure

(space group C2/m) and is the most stable polymorph of Ga2O3 at room and high

temperatures. The unit cell contains two formula units, each with two inequivalent

Ga cations and three inequivalent O anions. One Ga ion occupies the tetrahedral

site, and the other takes the octahedral site coordinated to four and six O ions, re-

spectively. The inequivalence in the sites leads to strong anisotropy in the crystal,

which is reflected in the effective mass results discussed later.

Figure 2.3: Monoclinic β -Ga2O3 crystal structure with two formula units

Ultrawide-bandgap (UWBG) materials are frequently optically transparent and pos-

sess good electrical conductivity, making them crucial for optoelectronic devices such

as LCD and OLED displays, solar cells, and more. Although oxides are often recog-

nised for their extensive electrical and thermal applications, they are also being inves-

tigated for their diverse range of adjustable properties [26]. These properties range

from insulating to semiconducting and superconducting, as well as exhibiting piezo-

/ferro- and antiferroelectric behaviour.

The unique electronic structure of these materials is crucial to their growing success.

The conduction band (CB) of these materials consists of empty s-orbitals of post-
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2.2 Wide-bandgap oxides

transition metals, while the valence band (VB) is occupied by oxygen 2p6 states. The

optimal overlapping of the large (n > 4) s-orbitals results in high electron mobility

and dopability, allowing for higher electron density [27]. The high dopability and elec-

tron mobility of these systems offer opportunities to explore defect-induced physics

and make them a promising alternative to traditional Si-based semiconductors.

Table (2.2) provides a comprehensive list of the oxide systems analysed in this study,

focusing on the most stable and significant polymorphs. For instance, Ga2O3 transi-

tions between six polymorphs [28].

System Geometry Space group
β - Ga2O3 monoclinic 12-C2/m
α - Al2O3 trigonal 167-R/3c

ZrO2 monoclinic 14-P21/c

Table 2.2: List of wide-bandgap oxides analysed
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Chapter 3

Theoretical framework

DFT has been established as the most widely used ab initio technique for modelling

and understanding the electronic structure of many-body systems and is considered

a stalwart for such investigations.

Considering the many-body Hamiltonian:

Htot = −
∑
I

ℏ2

2MI

∇2
RI

−
∑
i

ℏ2

2me

∇2
ri
+
1

2

∑
I,J

ZIZJe
2

|RI −RJ |
+
1

2

∑
i,j

e2

|ri − rj|
−
∑
I,i

ZIe
2

|RI − ri|
(3.1)

where: I, J are indices representing the nuclei and RI and MI corresponds to the po-

sition and mass of the nuclei, i, j represent the electrons and ri and me corresponds to

the position and mass of the electrons. Consequently, the first term gives the kinetic

energy of the nuclei; the second gives the kinetic energy of the electrons; the third

gives the potential energy of the Coulomb interaction between two nuclei; and the

fourth term gives the electron-electron interaction potential. The last term gives the

nucleus-electron interaction potential.

While in principle the solution of Eq. (3.1) would offer a comprehensive insight

into the system, the inherent complexity of the problem renders its practical solu-

tion unfeasible, except for relatively simple systems. The Born-Oppenheimer(BO)

approximation simplifies the problem by assuming the electrons to be moving in a

static external potential Vext(r) exerted by the nuclei; this assumption is based on

the idea that since the nuclei are much heavier than the electrons, the movement of

nuclei can be considered as negligible in comparison to the electrons [29].

Considering the BO approximation, the modern DF formalism (Kohn-Sham DFT)

stems from the Hohenberg-Kohn theorems formulated in 1964, the first part of which

states that all ground state properties for an electronic system in an external field
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can be determined by knowing the electronic density distribution n(r) alone. The

second part indicates the existence of a universal Functional F[n(r)] of the electronic

density, such that by variational principle, the global minimum of this functional

E[n(r)] =
∫
n(r)Vext dr+F[n(r)] gives the exact ground state energy E0 and thereby

the exact electronic density n0 of the system [5].

Although the HK theorem indicates the existence of a density functional, this func-

tional was still unknown. This problem was circumvented by Kohn and Sham in

1965. KS-DFT introduces an ansatz to mimic a complex many-body problem by an

auxiliary system independent single-particle problem, assuming both systems have

the same ground state density [30].

The Hamiltonian for this fictitious auxiliary system HKS is given by:

ĤKS = −1

2
∇2 + VKS(r) (3.2)

This system portrays a system of N independent electrons subjected to an effective

potential VKS; therefore, the ground state can be obtained by solving the one-electron

Schrodinger equations N times:(
1

2
∇2 + VKS(r)

)
ψi(r) = ϵi ψi(r) (3.3)

Consequently, the density of the system is given by:

n(r) =
N∑
i=1

|ψi(r)|2 (3.4)

which obeys particle conservation by the condition:∫
n(r) dr = N (3.5)

With these conditions established, the universal functional can be written in the form:

F[n(r)] = TS[n(r)] + EH[n(r)] + EXC[n(r)] (3.6)

where the non-interacting kinetic energy HS is given by:

TS[n(r)] =
1

2

N∑
i=1

∫
ψ∗
i (r)∇2ψi(r) dr (3.7)
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3.1 Basis functions: (L)APW+(lo)

and the electrostatic Hartree energy EH is given by:

EH[n(r)] =
1

2

∫ ∫
n(r)n(r′)

|r− r′|
drdr′ (3.8)

and the exchange-correlation energy EXC contains all the many-body corrections with

respect to the independent particle approximation. To detail, it accounts for the cor-

relation, the exchange and the difference between the independent and the many-body

kinetic energy:

EXC[n(r)] = T[n(r)] + TS[n(r)] + Eint[n(r)]− EH[n(r)] (3.9)

In principle, an exact EXC term would give the exact ground state energy, but, in

practice, this term has to be approximated by using exchange-correlation function-

als, because the form of the correlation energy and the many-body kinetic energy is

unknown. However, the exchange form is known.

Using the HK-II theorem, we can minimise the total energy functional E[n(r)] =

F[n(r)] +
∫
n(r)Vext(r) dr to get the ground state energy of the original system:

δ

[
F[n(r)] +

∫
n(r)Vext(r) dr− µ

[∫
n(r) dr−N

]]
= 0 (3.10)

meanwhile, the KS potential can be computed with the knowledge of the exchange-

correlation functional:

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

= Vext(r) +
δEH[n(r)]

δn(r)
+
δEXC[n(r)]

δn(r)

= Vext(r) +

∫
n(r′)

|r− r′|
dr′ +

δEXC[n(r)]

δn(r)

(3.11)

It is to be noted that VKS(r) needs to be solved self-consistently as it VKS(r) depends

on the density through Eq. (3.11) and the density depends on VKS(r) through Eq.

(3.3-3.4). These equations together formulate the celebrated KS equations.

3.1 Basis functions: (L)APW+(lo)

Practically, while solving the KS equations (Eq. (3.3) numerically, a big task is mod-

elling the wavefunction efficiently; therefore, the choice of basis functions (ψi) greatly

affects the output of DFT calculations. Our ultimate goal is to solve it with a con-

tinuous and accurate wavefunction. For this purpose, we need a basis function that
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3.1 Basis functions: (L)APW+(lo)

expands such a wave function.[
−1

2
∇2 + υKS(r)

]
ψik(r) = ϵikψik(r) (3.12)

Augmented Plane Waves (APW) based methods are considered the gold standard of

DFT for investigating periodic systems because of their high accuracy [1]. The unit

cell is sectioned in nuclei-centered muffin-tins (MT) and the interstitial (I) region.

There are various techniques for introducing linearization in these functions, and we

focus our attention on Linearized Augmented Place Waves (LAPW) + local orbital

(lo) basis. To understand the significance of the (L)APW+lo basis set, we must first

consolidate the utility of the APW basis, which implements a linear combination of

atomic orbitals as the wave function.

ψik(r) =
∑
G

Ck
iG ϕG+k(r) (3.13)

where ϕG+k(r) are the APW, which are defined inside an effective atom (muffin tin)

and in between the atoms (interstitial region) as:

ϕG+k(r) =


∑

lmA
G+k
lmα ulα(rα)Ylm(r̂α) for rα ≤ R

1√
Ω
ei(G+k) r for r ∈ I

(3.14)

This approach aptly describes the interstitial region between the atoms where the

wave function is slow and smooth and the region within the muffin tin where it

exhibits strong variations. Although the resultant basis set is small and enables inex-

pensive computation, the APW basis is inaccurate in practice. Moreover, the factors

Almα are chosen such that the wavefunction is smooth at the muffin-tin and intersti-

tial interface.

Using the definition (3.13), we can convert the differential KS equation (3.3) into an

eigenproblem:

∑
G′

(Hk
GG′ − ϵG S

k
GG′)Ck

G′ = 0 (3.15)

where the Hamiltonian is:

Hk
GG = ⟨ϕG+k| −

1

2
∇2 + υKS(r) |ϕG+k⟩ (3.16)
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3.1 Basis functions: (L)APW+(lo)

Figure 3.1: Muffin tin diagram for two species α and β

and the overlap matrix is given by:

Sk
GG = ⟨ϕG+k|ϕG+k⟩ (3.17)

and C ′k
G are the coefficients satisfied by Eq. (3.13). A plain look at this equation in-

dicates the obvious problem: both the Hamiltonian and overlap matrices are energy

dependent as per the definition of APW functions and are very non-trivial to solve.

Hence, we notice that although APWs are a good approximation, the non-linearity

of the energy parameter makes it a complex choice. To counter this problem, the

energy dependence is linearized, which leads to the following radial function:

ulα(rα; ϵ) = ulα(rα; ϵlα) + (ϵlα − ϵ) u̇lα(rα; ϵlα) (3.18)

Although the energy dependence still persists, this gives us the criteria that ulα(rα; ϵlα)

needs to be searched in u̇lα(rα; ϵlα). To implement this linearization technique, we in-

troduce the LAPW basis. One particular representation of which within a particular

muffin-tin α is:

ϕG+k(r) =
∑
lm

[AG+k
lmα ulα(rα; ϵlα) +BG+k

lmα u̇rα(rα; ϵlα)]Ylm(r̂α) (3.19)

where the coefficients are computed by matching the planewaves at the muffin-tin

boundary. Hence, this basis function is constrained to be smooth and continuous at

the muffin tin boundary. These basis functions are very helpful, but they scale highly

with decreasing the size of muffin-tin radii.

An alternative solution to the linearization problem is the local orbital basis. This

can be defined as:
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3.2 Exchange-Correlation Functionals

ϕµ =

 δααµδllνδmmµ [aµulα(rα; ϵlα) + bµ u̇lα(rα; ϵlα)] rα ≤ R

0 r ∈ Iα
(3.20)

These functions are defined for a particular muffin tin and are zero everywhere else,

and the coefficients follow the conditions: ϕµ(r) = 0 and
∫
Ω
|ϕµ|2dr = 1. Since these

functions strictly exist within a muffin-tin, they can be combined with APW basis

functions to define a complete wavefunction in the form:

ψik(r) =
∑
G

Ck
iGϕG+k(r) +

∑
µ

Ck
iµϕµ(r) (3.21)

The wavefunction takes the following form within a particular MT:

ψik(r) =
∑
lm

[cirlm ulα(rα; ϵlα) + diklmα u̇lα(rα; ϵlα)]Ylm(r̂α) (3.22)

This definition greatly resembles the definition (3.19) for LAPW, and the coefficients

must follow the same smoothness and continuity criteria as the LAPW but are more

flexible as they combine different basis functions.

In principle, both LAPW and APW+lo are good basis functions, but the latter comes

with a drawback: it uses an increased number of basis functions; therefore, they must

be implemented carefully, bearing in mind the problem’s computational complexity.

Another advantage of using the latter is that they work well for describing semi-core

states [31].

3.2 Exchange-Correlation Functionals

Returning to the energy expression in Eq. (3.6), the Exc term encapsulates the

exchange and correlation effects of the system. Exchange here implies the electron-

electron exchange per the Pauli-exclusion principle, and the latter refers to the electron-

electron repulsions beyond the Pauli-exclusion principle.

As aforementioned, since an exact solution of the Exc is unknown, it must be approxi-

mated with an exchange-correlation (xc) functional of the electron density. There are

several routes for approximating the energy term; therefore, functionals can be cate-

gorised based on their approximation method. There has been considerable research

in the last 30 years concerning different facets of xc-functionals: (i) Developing more

intricate and accurate functionals albeit at high computational consumption, (ii) De-

veloping cheap, hence faster functionals, which led to the initial rise to popularity for
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3.2 Exchange-Correlation Functionals

DFT. Perdew did an apt representation of these functionals by arranging them into a

ladder of approximations, with each rung consisting of functionals following a similar

approximation scheme [32].

Figure 3.2: A ’Jacobs ladder’ for categorising functionals according to their accuracy
and complexity

As we move up the ladder, the functionals become more sophisticated and accu-

rate but computationally expensive. Some ’rungs’ of particular interest to us are:

• Local (spin) density approximation (LDA): This is the lowest rung of the ladder,

and hence the cheapest type of xc-functional. The system is approximated

by considering the xc-energy of an electron at point r to be the same as a

homogeneous electron gas with the same electron density at point r and hence,

it exclusively depends on n(r) [33] as:

ELDA
xc [n(r)] =

∫
dr n(r) ϵunifxc (n(r)) (3.23)

An obvious advantage of the LDA is its simplicity, ignoring the correction to the

xc-energy stemming from the inhomogeneities of the electron density. Still, it

is very successful and even produces good results in systems where the electron

density has high variation. However, bad approximation of the ground state

and binding energies makes large errors in predicting the energy gaps of many

materials. It is hence viewed as a cheap and convenient xc-functional.
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3.2 Exchange-Correlation Functionals

• Generalised gradient approximation (GGA): These approximations compensate

for the missing correction terms of LDA by incorporating an extra layer of

information in the form of the gradient and higher spatial derivatives of the

electron density [34].

EGGA
xc [nr] =

∫
dr n(r) ϵGGA

xc (n(r),∇n(r)) (3.24)

This new layer of information gives better results than the LDA generally, only

overestimating results for ionic crystals where the LDA gives a better fit for the

lattice constants. However, both of these functionals are constrained to systems

with low localised charges and correlation, and hence, beyond LDA and GGA

approximations are sought.

• Hybrid density functionals: These functionals combine exact exchange from

Hartree-Fock (HF) theory with GGA functionals to carefully combine local and

non-local effects in the approximation [35]. HF theory fails to represent the

correlation amongst the electrons, thereby failing significantly for computing

properties where this overestimation of ionic character yields bad results, e.g.,

the bandgap of semiconductors. Similarly, as aforementioned, LDA and GGA

functionals also fail to estimate such quantities, especially the error in deter-

mining semiconductor band gaps. GGA and HF methods were observed to give

errors of opposite signs concerning experimental data. Therefore, it was only

a pragmatic thought to balance these errors by combining results from both

theories.

Ehybrid
xc = EGGA

xc + α(Eexact
x − EGGA

x ) (3.25)

where α is the exact exchange mixing ratio, it is a non-empirical parameter,

the value of which is altered to obtain a balance between optimal results and

computational resources [36]. PBE0 and HSE06 are two of the most popular

hybrid XC-functionals.

The PBE0 XC-functional combines the GGA-PBE exchange energy with the

HF exchange. The standard mixing parameter is generally considered to be

0.25 [37]. HSE (Heyd-Scuseria-Ernzerhof) is another hybrid functional similar

to PBE0, but it incorporates the correction in exact exchange by breaking it

into a short-range part (PBE-like) and a long-range part (exact HF-like); both

these parts are weighed in by an extra parameter ω [38]. The values of these

parameters can be altered based on non-empirical requirements; however, the

standard chosen for HSE06 is α = 0.25 and ω = 0.11.
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Chapter 4

Methodology

4.1 Computational Framework

To compute highly precise ground-state DFT calculations, choosing an appropriate

DFT implementation is necessary. There are codes available based on methods such

as pseudopotentials and projector-augmented waves [39, 40]. However, it has been

established that full-potential all-electron codes are generally more accurate. As seen

in section (3.1), the choice of basis function directly impacts the modelling of the

wavefunction and, therefore, the solution of the KS Hamiltonian. We also saw the

utility of using the Linearized augmented planewave and local orbital method in the

DF formalism [41, 42]. It has been documented that the LAPW+lo method is often

trusted blindly for validating pseudopotential-based implementations [43].

Figure 4.1: exciting used for DFT calculations and NOMAD used for uploading
calculations [1, 2].

In this context, we used exciting for our calculations. exciting is a full potential

all-electron code based on plane-wave augmentation implementing different flavours

of the Linearized augmented plane waves + local orbitals (LAPW+lo) method [1]. A

big advantage of all-electron codes is their ability to treat all sets of electrons equally
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4.2 Workflow

without freezing core electronic states like pseudopotentials. This allows for separate

basis functions for core and valence electrons, making it efficient to model high-energy

states. The code uses augmented plane waves for the muffin tin and interstitial regions

with linearised energies. It can implement auxiliary local orbitals for particular muf-

fin tins, combining the best of both worlds. It has been documented that exciting

can reach a precision as high as 1 microHa/atom, making it an excellent choice for

our purpose [43].

We use NOMAD to document and publish our results (Fig. (4.1)). NOMAD is an on-

line repository of electronic structure calculations for managing FAIR (i.e., Findable,

Accessible, Interoperable, and Reuseable) data. It supports several codes, including

exciting, allowing to automatically parse and process the data and the results [2].

4.2 Workflow

Planning a straightforward and linear workflow is essential for this project, as it

requires iterative computations over our chosen system and XC-functional pool. Fig.

(4.2) presents a schematic of our workflow, which is discussed in detail in the following

subsections.

Figure 4.2: An exhaustive workflow showcasing all steps involved in our computations
and analysis
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4.2 Workflow

4.2.1 Fixing the structure

We start by selecting a structure from the system pool and run our protocol. Choosing

a well-represented geometry is very important. We usually start with experimental

data or PBE-optimised geometry. GGA-PBE XC-functional is known to generate

good lattice parameters without being too expensive. The geometry is defined in

exciting by specifying the unit cell basis vectors and atomic coordinates. Consider

the example of α - CsPbI3, which is a cubic system, hence the lattice parameters: a =

b = c and α = β = γ = 90°, giving the basis vectors 100, 010 and 001. The Cs atom

occupies the body-centred position (1
2
,1
2
,1
2
); Pb at the corner: (0,0,0) and 3 oxygen

atoms at the edge centres: (1
2
,0,0) (0,1

2
,0) (0,0,1

2
).

Figure 4.3: Crystal structure of α - CsPbI3

4.2.2 Constructing a good basis set

This step is crucial for ensuring the numerical precision of our calculations. The

recipe for modifying our basis is based on a former study by Gulans et al. [43] which

aimed to achieve microhartree precision for atoms, molecules, and periodic systems.

It has been illustrated that using auxiliary local orbitals in the basis set for increasing

values of angular momenta results in exact total energies. As local orbitals are useful

for modelling unoccupied states, we classify additional electrons to be treated as semi-

core and valence.

Another critical factor is the choice of appropriate linearisation energies in Eq. (3.18)

so that the self-consistent cycle converges to accurate values. This can be done

using Wigner - Seitz rules but must be carefully curated for each local orbital, as an

20



4.2 Workflow

inappropriate value can cause the self-consistent cycle to diverge.

Therefore, we can summarise our fundamental recipe by the following steps:

• Increasing the number of semi-core and valence states

• Treating these states with additional local orbitals, up to higher l-channels

• Choosing well-approximated trial energies

The code snippet below demonstrates the example of the Barium element in the

case of BaSnO3. First, we select the core states, which are typically limited to the 4p

orbitals. However, we expand the number of semi-core and valence states by including

the 4s and 4p electrons as non-core. This is necessary to incorporate the local orbitals

and outer valence electrons for these electrons.

1 <atomicState n="1" l="0" kappa="1" occ="2.00000" core="true"/>

2 <atomicState n="2" l="0" kappa="1" occ="2.00000" core="true"/>

3 <atomicState n="2" l="1" kappa="1" occ="2.00000" core="true"/>

4 <atomicState n="2" l="1" kappa="2" occ="4.00000" core="true"/>

5 <atomicState n="3" l="0" kappa="1" occ="2.00000" core="true"/>

6 <atomicState n="3" l="1" kappa="1" occ="2.00000" core="true"/>

7 <atomicState n="3" l="1" kappa="2" occ="4.00000" core="true"/>

8 <atomicState n="3" l="2" kappa="2" occ="4.00000" core="true"/>

9 <atomicState n="3" l="2" kappa="3" occ="6.00000" core="true"/>

10 <atomicState n="4" l="0" kappa="1" occ="2.00000" core="false"/>

11 <atomicState n="4" l="1" kappa="1" occ="2.00000" core="false"/>

12 <atomicState n="4" l="1" kappa="2" occ="4.00000" core="false"/>

13 <atomicState n="4" l="2" kappa="2" occ="4.00000" core="false"/>

14 <atomicState n="4" l="2" kappa="3" occ="6.00000" core="false"/>

15 <atomicState n="5" l="0" kappa="1" occ="2.00000" core="false"/>

16 <atomicState n="5" l="1" kappa="1" occ="2.00000" core="false"/>

17 <atomicState n="5" l="1" kappa="2" occ="4.00000" core="false"/>

18 <atomicState n="6" l="0" kappa="1" occ="2.00000" core="false"/>

Now, we define the basis functions for the element. A default LAPW basis is defined

for all the core states. Then, we define a set of local orbitals for the s-orbitals (l=0),

the trial energy for which is determined using the Wigner-Seitz rules. In this set, the

first two local orbitals correspond to the 5s orbitals, and the value of the matching

orders corresponds to the order of the derivatives according to the Eq. (3.18). In this

case, the 5s and 6s orbitals are very similar and may overlap in the calculation, so we

have not modelled the 6s states. The following function corresponds to a combination

of the 5s and 4s orbitals. The following two local orbitals correspond to 4s orbitals,

characterised by the deep trial energies used.

21
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1 <default type="lapw" trialEnergy="0.1500" searchE="false"/>

2

3 <custom l="0" type="lapw" trialEnergy=" -0.388" searchE="false"/>

4 <lo l="0">

5 <wf matchingOrder="0" trialEnergy=" -0.388" searchE="false"/>

6 <wf matchingOrder="1" trialEnergy=" -0.388" searchE="false"/>

7 </lo>

8 <lo l="0">

9 <wf matchingOrder="1" trialEnergy=" -0.388" searchE="false"/>

10 <wf matchingOrder="2" trialEnergy=" -0.388" searchE="false"/>

11 </lo>

12 <lo l="0">

13 <wf matchingOrder="0" trialEnergy=" -0.388" searchE="false"/>

14 <wf matchingOrder="0" trialEnergy=" -8.308" searchE="false"/>

15 </lo>

16 <lo l="0">

17 <wf matchingOrder="0" trialEnergy=" -8.308" searchE="false"/>

18 <wf matchingOrder="1" trialEnergy=" -8.308" searchE="false"/>

19 </lo>

20 <lo l="0">

21 <wf matchingOrder="0" trialEnergy=" -8.308" searchE="false"/>

22 <wf matchingOrder="2" trialEnergy=" -8.308" searchE="false"/>

23 </lo>

A similar set of local orbitals is implemented for the cases of l=1 and l=2. Since

we aim to add local orbitals for higher l-channels, we also add functions for the

unoccupied f-subshell. Below are the local orbitals with trial energies corresponding

to the 4f orbitals.

1 <custom l="3" type="lapw" trialEnergy="0.784" searchE="false"/>

2 <lo l="3">

3 <wf matchingOrder="0" trialEnergy="0.784" searchE="false"/>

4 <wf matchingOrder="1" trialEnergy="0.784" searchE="false"/>

5 </lo>

6 <lo l="3">

7 <wf matchingOrder="0" trialEnergy="0.784" searchE="false"/>

8 <wf matchingOrder="2" trialEnergy="0.784" searchE="false"/>

9 </lo>
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4.2.3 Convergence checks on parameters

A DFT calculation is influenced by several input parameters, such as the Brillouin

zone sampling and the planewave cutoff. To obtain satisfactory results, it is necessary

to perform tests to obtain a set of converged parameters. Our protocol involves

running iterative calculations on one variable parameter at a time while keeping

the other parameters fixed. We measure a particular observable for these iterations

and analyze the results. We plot the error in the observable against the variable

parameter to check the trend. The error is minimised against a specific threshold.

When the threshold is met, the corresponding value qualifies as a converged value. It

is important to check certain crucial parameters, such as:

• ngridk: Calculating many system properties requires directly solving integrals

over the Brillouin zone, which can be cumbersome. Therefore, these integrals

are approximated by sampling points on a grid in the reciprocal space, and this

parameter defines the dimensions for k-space sampling. The more refined the

k-grid vectors are, the better the calculation and the computational complexity

scales linearly with this parameter. Fig. (4.4) shows an example of β − Ga2O3

with a cubic mesh ranging from (2, 2, 2) to (9, 9, 9); the error in total energy is

plotted against the parameter value with energy corresponding to (10, 10, 10)

taken as the reference. In this case, the convergence criteria are set to 10−4 Ha,

making ngridk = (6, 6, 6) a good choice.

• rgkmax: concerning section (3.1), the eigenvalue KS Eq. (3.3) is made finite

dimensional by keeping an upper bound cut-off on the |G + k| vector: |G + k|
≤ Gmax and this upper bound Gmax is defined as the plane-wave cutoff. However,

this is not a good measure of the basis set cutoff as it does not take into account

the size of the muffin tin. Therefore, rgkmax is defined as the effective planewave

cutoff rgkmax = RMTGmax. The computation time for this parameter scales to

the power of 9, which is very significant, so it is important to maintain a good

balance between precision and resources. We follow a similar convergence check

for this parameter as for ngridk.

• nempty: The parameter nempty determines the number of empty states and

becomes a critical parameter in hybrid functional calculations due to the cum-

bersome computation of the non-local external potential Vxnl. The nempty

is upper bounded by the Hamiltonian size, which depends on the number of

plane wave functions and hence on the cutoff parameter: rgkmax. Therefore,

converging rgkmax is important before converging nempty.
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Figure 4.4: Plot showing convergence over ngridk parameter for rgkmax=7. The
error in total energy is plotted on a log scale to check against the threshold of 10−4

Ha

4.2.4 Evaluating the electronic structure

A well-converged set of parameters equips us with all the necessary tools to perform

preliminary calculations. We use an inexpensive LDA functional to generate the elec-

tronic band structure. We use the standard path to traverse k-points to compute

the band structure [44]. Using β -Ga2O3 as an example, we consider the following

bandpath to obtain the preliminary electronic structure. We then analyse the band

structure to produce maximally localised Wannier functions by forming groups of

isolated and entangled bands. Wannier functions provide an alternative approach

to the usual Brillouin zone sampling and become very important for cases of hybrid

functionals. With the maximally localised Wannier functions obtained, we now in-

terpolate the wavefunction onto a much finer reciprocal space. This is an important

step because some of these calculations are very expensive, and it is necessary to

interpolate a sparse k-mesh to get precise band properties. We compute the wannier-

interpolated band structure to analyse whether it overlaps with the ground state

standard LDA band structure. Fig. (4.5) shows the change in band structure for

the case of β -Ga2O3 using the LDA XC functional. It can be seen that the band is

slightly smoother and overlaps closely with the regular band structure.
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Figure 4.5: LDA bandstructure and Wannier interpolated LDA bandstructure plotted
on top of each other

4.2.5 Documentation

After successfully interpolating the k-mesh, we can calculate other band properties.

We calculate the electronic density of states and bandgap separately, and analyse the

effective mass tensor by computing wannier functions at the band extremes. This

completes the computation cycle for one system and an XC-functional combination.

We repeat these steps for the other XC-functionals: PBEsol, PBE0 and HSE06.

After completing the aforementioned steps, we upload our calculations to NOMAD

as a dataset, and the cycle re-iterates for the rest of the materials.

4.3 Other computational details

Efficient parallelisation of code and good computational resources are necessary for

dealing with calculations involving detailed basis functions and parameters. exciting

uses MPI and OpenMP parallelisation models, which must be carefully utilised to

compute over shared and distributed memory efficiently. We use our computer clus-

ter network for the calculations as well as external HPC facilities. We gratefully

acknowledge the computing time made available on the high-performance computer

”Lise” at the NHR Center NHR@ZIB (www.nhr-verein.de/unsere-partner). To ef-

fectively distribute the load between nodes, it is important to ensure that MPI and

OpenMP ranks divide the total number of points in the reciprocal space. Addition-
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ally, it is essential to ensure that the OpenMP ranks are coherent with the CPU

architecture, i.e. they divide the number of cores in the CPU.

For example, in the case of γ - CsPbI3, the (6x6x6) k-space is reduced to 20 points due

to the system’s symmetry. Therefore, we typically choose the following configuration

to run the computation on a 36-core CPU: OpenMP threads = 9, MPI processes =

8, number of nodes = 2. This is a fair configuration as the Number of OpenMP times

the number of MPI processes of a single node = the number of CPU cores available.

Moreover, the OpenMP threads almost completely divide the number of points in the

reduced reciprocal space. This example shows a basic scheme for effective calculation;

however, in practice, a lot of other factors determine the distribution, such as the XC-

functional used; for instance, hybrid functionals require computation of the non-local

external potential Vxnl which depends on the full reciprocal space. Therefore, it is

essential to perform scaling tests with small calculations and inexpensive parameters

before committing to high resource usage.
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Chapter 5

Results

This chapter presents the results of our computations for each material individually.

As mentioned, we have computed the electronic band structure and density of states,

the effective mass tensor and the electronic bandgap. With regards to the functionals

used, we have performed LDA (LDA-PW [45]) and GGA (PBEsol [46]) calculations

for all materials in our system pool and have performed the more expensive Hybrid

calculations (PBE0 [47] and HSE06 [38]) for the case of BaSnO3. We first present

the results for BaSnO3, followed by a side-by-side comparison of LDA and PBEsol

calculations for all the other materials.

For plotting the electronic bandstructure, we have chosen the standard band paths

as per this study highlighting tools for high-throughput electronic bandstructure cal-

culations [48].

The bandgap is truncated to three decimal places to better model the minor differ-

ence between some calculations. The effective masses are represented in the tensorial

form for both the VBM and CBM. These masses are calculated at the band extremes

for both cases. In the case of degenerate bands we have compared one fixed tensor

for every functional. Moreover, the values for each component have been truncated

to two decimal places for better analysis by only comparing significant values.
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BaSnO3

LDA → 0.821 eV PBEsol → 0.902 eV
PBE0 → 3.420 eV HSE06 → 2.693 eV

m∗
VBM : LDA →

−0.65 0 0.03

0 −0.65 −0.2

0.03 −0.20 −16.57



m∗
CBM : LDA →

0.18 0 0

0 0.18 0

0 0 0.18



m∗
VBM : PBE0 →

−0.74 0.02 −0.88

0.02 −0.67 0.21

−0.88 0.21 −12.07



m∗
CBM : PBE0 →

0.21 0 0

0 0.21 0

0 0 0.21



PBEsol →

−0.65 0 −0.26

0 −0.65 −0.16

−0.26 −0.16 −14.72



PBEsol →

0.18 0 0

0 0.18 0

0 0 0.18



HSE06 →

−0.67 0.01 −0.15

0.01 −0.72 0.79

−0.15 0.79 −14.13



HSE06 →

0.21 0 0

0 0.21 0

0 0 0.21



28



29



LaInO3

Bandgap: LDA → 2.831 eV | PBEsol → 2.870 eV

m∗
VBM : LDA →

 −0.60 0 0

0 −3.84 0

0 0 −1.23



m∗
CBM : LDA →

 0.41 0 0

0 0.51 0

0 0 0.53



PBEsol →

 −0.56 −0.17 −0.02

−0.17 −3.87 0.01

−0.02 0.01 −1.22



PBEsol →

 0.40 0 0

0 0.50 0

0 0 0.52


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γ − CsPbI3

Bandgap: LDA → 1.540 eV | PBEsol → 1.555 eV

m∗
VBM : LDA →

 −0.26 0 0

0 −0.22 0

0 0 −0.20



m∗
CBM : LDA →

 0.16 0.01 0.01

0.01 0.15 0.02

0.01 0.02 0.43



PBEsol →

 −0.26 0 0

0 −0.22 0

0 0 −0.20



PBEsol →

 0.23 0.02 −0.08

0.02 0.17 −0.02

−0.08 −0.02 0.31


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β - Ga2O3

Bandgap: LDA → 2.177 eV | PBEsol → 2.183 eV

m∗
VBM : LDA →

 −3.24 −0.17 −0.51

−0.17 −2.71 −0.02

−0.51 −0.02 −3.45



m∗
CBM : LDA →

 0.31 0.02 0

0.02 0.25 0.05

0 0.05 0.24



PBEsol →

 −3.21 −0.09 0.48

−0.09 −2.70 0.20

0.48 0.20 −3.79



PBEsol →

 0.30 0 −0.01

0 0.23 0

−0.01 0 0.22


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α − CsPbI3

Bandgap: LDA → 1.235 eV | PBEsol → 1.257 eV

m∗
VBM : LDA →

 −0.17 0 0

0 −0.17 0

0 0 −0.17



m∗
CBM : LDA →

 0.45 0 0

0 0.08 0

0 0 0.49



PBEsol →

 −0.17 0 0

0 −0.17 0

0 0 −0.17



PBEsol →

 0.72 0.01 −0.26

0.01 0.15 −0.04

−0.26 −0.04 0.51


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ZrO2

Bandgap: LDA → 3.530 eV | PBEsol → 3.574 eV

m∗
VBM : LDA →

 −7.87 0.42 −1.46

0.42 −1.89 0.58

−1.46 0.58 −2.22



m∗
CBM : LDA →

 1.01 0 −0.98

0 0.89 −0.05

−0.98 −0.05 3.49



PBEsol →

 −7.72 1.05 −1.71

1.05 −1.85 0.05

−1.71 0.05 −2.32



PBEsol →

 0.94 −0.01 −0.76

−0.01 0.88 −0.03

−0.76 −0.03 2.80


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Chapter 6

Discussion

6.1 Electronic Bandstructure

The electronic band structure describes how electrons are distributed along a specific

path in reciprocal space. It is crucial to analyze the behaviour of both the tightly

bound electrons in the valence band and the free-to-move electrons in the conduction

band.

Figure 6.1: Electronic bandstructure plots of ZrO2 calculated using LDA and PBEsol
XC-functionals
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6.1 Electronic Bandstructure

Generally, it can be observed from the results section (5) that the bandstructure plots

computed using LDA and GGA XC-functionals overlap well because the level of ap-

proximation is similar. Fig. (6.1) provides a better visualization of this observation

with LDA and PBEsol plots of ZrO2 overlaid.

In the case of BaSnO3, results can be compared to more sophisticated hybrid func-

tionals. Fig. 2.1 shows a combined plot of calculations for all the functionals used,

aligned with respect to the VBM. Therefore, the valence bands are well-aligned, un-

like the conduction bands. Fig. 2.1 indicates the opening of low-energy bands clearly.

Both hybrid functional cases exhibit a large band opening, with PBE0 XC-functional

showing a considerably greater effect than HSE06. This observation is consistent

with the difference in bandgap values, indicating that PBE0 has the most significant

band-opening effect. The results show an increase of 316% relative to LDA and 27%

relative to HSE. Further analysis will determine which functional is more accurate in

experiments. This observation is consistent with the literature, which has documented

that hybrid functionals perform well in this scenario.

Figure 6.2: Electronic bandstructure plots of BaSnO3 calculated using LDA, PBEsol,
PBE0 and HSE06 XC-functionals
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6.2 Electronic Density of States

6.2 Electronic Density of States

The electronic density of states (DOS) is crucial for visualising the number of bands

corresponding to a specific energy level. This plot also provides a clear visualisation

of the bandgap in the system. The results show distinct overall behaviour; the valence

band peaks near the band edge and decreases as the energy increases. On the other

hand, the conduction band either has a peak near the Fermi level (in cases of high

degeneracy) or is evenly distributed.

Similar to our analysis of the electronic band structure, Fig. (6.3) shows a plot

for ZrO2 using LDA and PBEsol XC-functionals. This plot confirms our previous

observation that the LDA and GGA functionals produce similar band structures.

Figure 6.3: Electronic density of states of ZrO2 using LDA and PBEsol XC-functionals

Fig. (6.4) shows the differences in computation using hybrids, which is significantly

different from the LDA and GGA functionals. Additionally, the plot clearly displays

a pronounced band opening. However, it is also possible to observe a shift in DOS

peaks, they are not well represented as the bands are aligned with respect to the

Fermi energy of the system.
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6.3 Bandgap

Figure 6.4: Electronic density of states of BaSnO3 using LDA, PBEsol, PBE0 and
HSE06 XC-functionals

6.3 Bandgap

The bandgap is one of the most widely studied and crucial properties for our systems

of interest, as it determines electrical behaviour and, thus, the application of these

materials. Electron mobility, optical absorption, and emission spectra are character-

istic properties highly influenced by the bandgap. Although the values enlisted in the

results section (5) provide a decent idea of the difference between various computa-

tions, we refer to Fig. (6.5) for better visualisation, showing a bar plot of the bandgap

values calculated. Once again, the values for the LDA and GGA approximations are

very similar, but both undermine the band gap compared to the Hybrids.

For the case of BaSnO3, a quick comparison to experimental results (bandgap ≈ 2.7-

3.4 eV) shows that the HSE06 functional is more ‘accurate’ but still underestimates,

whereas PBE0 overshoots.
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6.4 Effective masses
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Figure 6.5: Comparison of the electronic bandgap of different materials based on
different XC-functionals used

6.4 Effective masses

In the case of perovskites, it is important to describe the anisotropy of the crystal,

which provides valuable insights into the electronic and transport properties of the

material. Since the effective mass is a virtue of the band structure, we generate the

effective masses at the band extremes by:

m∗
VBM/CBM(k) = [∇k∇T

k ϵVBM/CBM(k)]
−1 (6.1)

From the results (5), we obtain the full effective mass tensors for all functionals. We

opt for component-wise comparisons to observe how the use of a particular functional

affects the value along a particular direction. Effective masses essentially quantify the

curvature of a band. Therefore, a higher effective mass value corresponds to a more

curved band structure. The effective masses are calculated on band extremes and

can correspond to different k-points for the valence and conduction bands. Fig. (6.6)
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6.4 Effective masses

shows the CBM of ZrO2 calculated at the Y point. It is evident that the bands have

very similar curvature, which is consistent as the effective mass tensors are also very

similar. Similarly, Fig. (6.7) shows the enlarged band structure showing the VBM

of the same material. The system has an indirect bandgap with VBM at Γ point.

Again, the plots are very similar to each other, which is consistent with the values

given in the results section.

Figure 6.6: Zoomed bandstructure of ZrO2 showing the CBM at Y≡(1
2
,0,0) point

Figure 6.7: Zoomed bandstructure of ZrO2 showing the VBM at Γ point
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Chapter 7

Conclusion

This study has been focused on performing and accumulating highly precise electronic

structure calculations on perovskites and metal-oxide materials. Our motive was to

bridge the gap in the community created by the absence of highly precise groundstate

DFT calculations. We choose the LAPW+lo method for this purpose as it is often

considered the gold standard of DFT. The database ‘Benchmark DFT groundstate

calculations’ is available on NOMAD.

The primary challenge encountered in the project was selecting suitable basis func-

tions and converged parameters to effectively model the wave function. We developed

a comprehensive workflow that can be easily adapted and reused for all calculations,

as we had to re-perform convergence tests and preliminary calculations multiple times.

Having computed groundstate DFT calculations, we analysed many band properties

of the system. We observed that the electronic bandstructure, density of states, and

bandgap follow a general trend, and LDA and GGA XC-functionals gave very coher-

ent results. Meanwhile, the hybrid functionals generated higher bandgaps and shifts

in the overall band structure. It can be concluded that hybrid functionals act as shift

operators on the LDA, GGA parameterized band structure. Moreover, the results of

effective mass tensors infer that higher energy bands are also coherent with this scis-

sor shift operation, as the component-wise comparison of effective masses yields very

little deviation. Hence, the band curvature for these different functionals is similar.

Since we compute well-documented observables, comparison to experimental calcula-

tions is natural. However, such comparisons are not within the scope of this study as

we do not consider effects such as electron-phonon interactions, spin-orbit coupling,

optical electron-hole effects or quasiparticle energies, which are essential for systems

with heavy p-orbital contributions.
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Future directions: We have analysed six materials in this project. However, we have

created a comprehensive workflow to incorporate more materials. In the future, this

project will be extended to include more high-throughput calculations using addi-

tional materials, functionals, and techniques. The formalism can eventually be ex-

tended to include excited state calculations, electron-phonon effects and spin-orbit

coupling, resulting in a database focused on ‘accurate’ calculations.
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