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ABSTRACT

First-principles investigation of the electronic states at

perovskite and pyrite hetero-interfaces

Safdar Nazir

Oxide heterostructures are attracting huge interest in recent years due to the

special functionalities of quasi two-dimensional quantum gases. In this thesis, the

electronic states at the interface between perovskite oxides and pyrite compounds

have been studied by first-principles calculations based on density functional theory.

Optimization of the atomic positions are taken into account, which is considered very

important at interfaces, as observed in the case of LaAlO3/SrTiO3.

The creation of metallic states at the interfaces thus is explained in terms of

charge transfer between the transition metal and oxygen atoms near the interface.

It is observed that with typical thicknesses of at least 10-12 Å the gases still extend

considerably in the third dimension, which essentially determines the magnitude of

quantum mechanical effects. To overcome this problem, we propose incorporation of

highly electronegative cations (such as Ag) in the oxides. A fundamental interest is

also the thermodynamic stability of the interfaces due to the possibility of atomic

intermixing in the interface region. Therefore, different cation intermixed configu-

rations are taken into account for the interfaces aiming at the energetically stable
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state.

The effect of O vacancies is also discussed for both polar and non-polar het-

erostructures. The interface metallicity is enhanced for the polar system with the

creation of O vacancies, while the clean interface at the non-polar heterostructure

exhibits an insulating state and becomes metallic in presence of O vacancy. The O

vacancy formation energies are calculated and explained in terms of the increasing

electronegativity and effective volume of A the side cation.

Along with these, the electronic and magnetic properties of an interface between

the ferromagnetic metal CoS2 and the non-magnetic semiconductor FeS2 is investi-

gated. We find that this contact shows a metallic character. The CoS2 stays quasi

half metallic at the interface, while the FeS2 becomes metallic. At the interface,

ferromagnetic ordering is found to be energetically favorable as compared to anti-

ferromagnetic ordering. Furthermore, tensile strain is shown to strongly enhance

the spin polarization so that a virtually half-metallic interface can be achieved, for

comparably moderate strain.

Our detailed study is aimed at complementing experiments on various oxide in-

terfaces and obtaining a general picture how factors like cations, anions, their atomic

weights and elecronegativities, O vacancies, lattice mismatch, lattice relaxation, mag-

netism etc play a combined role in device design.
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Chapter I

Introduction

1.1 Background of the Materials

Nanotechnology is a field of applied sciences covering a broad range of topics and

touching nearly every engineering and science discipline. Despite the technological

improvements in the field of nanoelectronics, driven by conventional semiconductors,

new materials with novel functionality are still required. In this respect, perovskite

oxides display a wide range of interesting properties: ferroelectricity, piezoelectricity,

magnetism, and superconductivity. The rich physics behind these properties has

been the focus of much interest in which the electronic interactions in solids play an

important role. Generally, the structure of perovskite ABO3 (A and B are cations with

O anion) consists of alternating AO and BO2 layers along the [001] crystallographic

direction. Both layers can be neutral or charged. Ideal perovskite structures have

the B cation in 6-fold coordination surrounded by an octahedron of anions and the

A cation is in 12-fold cub-octahedral coordination, see Fig. 1.1.

Furthermore, such perovskite oxides with transition metals (TMs): strongly cor-

related electrons at B site, have attracted great attention because they exhibit tech-

nologically useful properties such as colossal magnetoresistivity [1], metal-insulator
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Figure 1.1: Schematic representation of the bulk crystal structure of ABO3. The B
(green) cation in 6-fold coordination surrounded by an octahedron of O (red) anions.

transitions [2], ferroeletricity [3], and magnetoelectricity [4]. Recently, it has been ex-

perimentally observed that ferroelectric materials are good for memory, sensor and

high k-dielectric applications [5]. However, the TM oxides are still restricted in their

applications in innovative semiconductor technologies. Design and process of such

devices, which are completely based on TM oxides, can lead to an all-oxide electronic

industry.

Among the perovskite oxides SrTiO3 (STO) has attracted a lot of attention due to

its ferroelectric, phase transitions, unusual magnetic, electronic and transport prop-

erties [6, 7]. It is used as a substrate for the growth of thin films, high tempera-

ture superconductors, capacitors and in silicon based devices as a crystalline gate

dielectric [8, 9]. STO crystallizes in cubic structure having a large energy gap of 3.2

eV with space group 221 (Pm3̄m) with an experimental lattice constant of 3.905

Å and transforms into a tetragonal phase at 105 K [10]. It is a non-polar system,

which consists of alternating (Sr+2O−1)0 and (Ti+4O2
−4)0 neutral planes (0 stands

for charge neutrality). Recently, it is found that bulk STO becomes metallic by intro-

ducing O-vacancies [11]. Similarly, the other polar and non-polar perovskite oxides
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such as KTaO3 (KTO) [12, 13], NaTaO3 (NTO) [14], AgNbO3 (ANO) and AgTaO3

(ATO) [15], LaGaO3 (LGO) [16, 17], CaHfO3 (CHO) [18], PbTiO3 (PTO) [19], CaTiO3

(CTO) [20, 21], and BaTiO3 (BTO) [22] are also important for device applications.

KTO is a well known polar system with cubic structure at low temperature [23].

It has an insulting band gap of 3.8 eV with a dielectric constant of about 260 [12]

and does not show the ferroelectric phase transition that is common for other per-

ovskites [10]. The absence of ferroelectricity in this compound is discussed theoreti-

cally in Ref. [13]. Ta has a formal valence of 5+, and K 1+ in KTO. Likewise, NTO

has a very similar structure and composition to KTO at high temperature. The phase

transitions were studied for NTO using different experimental techniques [24, 25, 26].

Neutron powder diffraction method shows that below 720 K it is in the orthorhom-

bic structure, at 835 K becomes tetragonal, and transforms into a cubic structure

above 893 K [27]. Recently, it has been found that both of the materials show high

photo-catalytic activities for water decomposition under the UV region [14]. ANO

and ATO both exist in the para-electric phase at 903 and 758 K, respectively [28, 29].

A structural phase transition is found for both ANO and ATO as the temperature

goes down [30], and a weak ferroelectricity is observed below 340 and 180 K, re-

spectively [30, 31]. LGO has a pseudo-cubic cell with an experimental lattice con-

stant of 3.864 Å and displays polar discontinuity. LGO-based oxides have been used

as electrolyte material in solid oxide fuel cells for intermediate-temperatures <800°C. Its ionic conductivity is effectively enhanced by the substitution of the divalent

cations [16]. However, the high cost of gallium compounds and their low mechanical

strength are the main obstacles for using LGO-based solid electrolytes in solid oxide

fuel cell applications [17].

CHO is an insulator with a sizeable band gap (∼ 5.6 eV) with no polar discon-

tinuity. It is experimentally observed as a promising candidate for scintillators used



17

in γ-ray imaging fields such as positron emission tomography [18]. PTO, CTO and

BTO are the alkaline earth titanates like STO with no polar discontinuity. Recently,

these titanates have received considerable attention because they are widely used as

ferroelectric, electroconductive, photo-refractive and photovoltaic materials for device

applications [32, 33, 34]. It is well known that these applications strongly depend on

the electrical and optical properties of the materials and that these properties are re-

lated to their electronic structures. Therefore, in order to improve the efficiency of the

electrical or optical properties of the materials for new applications, an understanding

of their electronic structure is critical.

The potential of the perovskite oxides is further enhanced by the recent discovery

of unusual and striking physical phenomena at their interfaces (IFs) such as interfa-

cial metallicity with a high mobility, ferromagnetism and colossal magnetoresistance,

which were absent in the individual bulk parent compounds. Development of hetero-

structures (HSs) incorporating such IFs are promising as they offer special importance

for device applications such as bipolar transistors and light emitting diodes [35]. The

experimental finding that exciting properties arise at the oxide IFs was initiated from

early studies by making the well-defined single terminated substrate surfaces for good

lattice matched growth [36, 37, 38]. The new interesting electronic properties and dif-

ferent structural phases at the oxide IFs can be obtained by the combination of good

quality substrate materials with layer-by-layer thin film growth processes such as

pulsed laser deposition and molecular beam epitaxy [39, 40]. Reflective high energy

electron diffraction and x-ray techniques at the atomic scale are used [41, 42] in order

to characterize these phenomena. Thus, the fabrication of epitaxial oxide HSs and

superlattices which exhibit phenomenal behavior is now systematic.

The HSs based on perovskite oxides acquired much interest when it was observed

that a quasi two dimensional electron gas (2DEG) exists at the IF with high charge
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carrier density and mobility between two large band gap insulators. In 2DEG, elec-

trons move freely in two dimensions, but strongly restricted in the third direction.

The analogous to holes is called a two dimensional hole gas (2DHG), and such systems

have many interesting physical properties because the thiner the gas the stronger its

quantum nature. For example, it is observed that the thin hole gases are required for

inducing and detecting the spin-Hall effect [43] and enhancing the rashba effect [44].

Recently, a 2DEG with extremely high mobility (104 cm2V−1s−1) between two large

band gap insulators: non-polar STO and polar LaAlO3 (LAO) is confirmed both ex-

perimentally and theoretically [45, 46, 47, 48, 49, 50]. It is also observed that this

HS behaves as a superconductor at a very low temperature (TC ≈ 200 mK) [51]. Its

potential for use in nano-electronic oxide devices is discussed in Refs. [52, 53].

The conducting layer at the IF between LAO and STO has attracted considerable

interest due to its novel properties. The ionic charges in the LAO/STO are mod-

ulated as: LAO consists of positive (La3+O2−)+ and negative (Al3+O2−
2 )− charged

layers, while STO has neutral (Sr2+O2−)0 and (Ti4+O2−
2 )0 layers. Therefore, a polar

discontinuity is observed for this HS. It has been determined that the critical thick-

ness (the thickness at which the IF shows the transition from insulating to metallic

state) is 4 LAO unit cell for this system, which drives in the formation of 2DEG.

The TiO2-terminated (Ti4+O2−
2 )0/(La3+O2−)+ IF is called electron-doped (n-type)

because electrons transfer from the (La3+O2−)+ layer to (Ti4+O2−
2 )0 IF layer and SrO

terminated (Sr2+O2−)0/(Al3+O2−
2 )− IF has a deficiency of an electron. This is why

it is reffered to hole doped (p-type). The n-type IF shows the metallic nature while

p-type behaves as an insulator for the LAO/STO HS [45]. Many investigations have

been done to explain the mechanism behind the formation of the 2DEG at the n-type

IF between the perovskite oxides [54, 55, 56]. Nevertheless, many aspects of the phys-

ical picture of the IFs still remain open [57, 58, 59, 60]. In order to study the induced
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metallicity at the IF between the insulators, one of the three mechanisms, the polar

catastrophe mechanism seems to hold the upper edge. A polar discontinuity comes

into the picture when both A and B on either side of the IF have different valence

states. However, the other two mechanisms, namely O defects and intersite chemical

disorder, also have to be given due consideration.

In the polar-catastrophe model, the diverging potential arising due to the polar

discontinuity at the IF is taken into consideration by an electronic reconstruction

of the IF states. For example, in LAO/STO systems 0.5 electrons are transferred

at the n-type (Ti4+O2−
2 )0/(La3+O2−)+ IF so that the internal electric field through

LAO is completely compensated. As a result, the IF becomes doped, and behaves

as a quasi-two dimensional conducting electron gas system. However, for such a

mechanism to drive conductivity the multi-valent nature of the TM ions, becomes

quite fundamental. In case of LAO/STO, the Ti ions exist in both Ti3+ as well as

Ti4+ valence states. This model accounts for a fairly good estimate of the sheet carrier

density, which agrees quite well with the experimentally observed values. However,

the polar catastrophe model does not explain why IFs grown at very high oxygen

partial pressures or annealed at high oxygen partial pressure remain insulating [61, 62].

Depending on the growth conditions, experiments have also detected off stoichio-

metric composition in the O sub-lattice of the HSs. These defects also play a crucial

role in determining the transport properties. For example, in LAO/STO HS, a p-

type (Sr2+O2−)0/(Al3+O2−
2 )− IF shows a metallic nature which is in contrast with

the experiment [45]. By introducing the O vacancy at the IF, this discrepancy can

be easily removed. The behavior of the p-type IF as a function of the O content

has been discussed by Park et al. [63]. It has been found that the introduction of

25% O vacancies into the SrO layer at the IF leads to a metallic state, while 50% O

vacancies yield an insulating state with a small band gap, which is consistent with a
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value of 32% as estimated experimentally [64]. Because O vacancies provide an elec-

trons to the systems, the unoccupied states (hole) at the p-type IF become occupied.

However, it is also well known that O vacancies in bulk STO are responsible for the

induced metallic behavior. Therefore, to a certain extent the IF conductivity is partly

attributed to the role of these defects, arising from the bulk STO.

Even for clean IFs, both experimental and theoretical methods find induce con-

ductivity, thereby attributing the conductivity not just to the O off-stoichiometry at

the IFs. Thus, both mechanism, (i.e., O defects as well as the polar catastrophe)

seem to play a role which may be intertwined and complicated. However, there exists

a third non-trivial mechanism which is the inter-site chemical disorder. According to

Nakagawa et al. [64], the formation of electron gas increases the electric dipole energy,

which in turn can be also reduced by exchanging Sr with La across the LAO/STO IF.

The presence of such disorder has also been emphasized in Ref. [65]. The formation

of 2DEG in the LAO/STO HS has attracted a deep consideration of IFs with other

perovskite oxides as discussed in Refs. [66, 67, 68, 69]. Okamoto et al. [47, 70] and

Heman et al. [71] pointed out that the structural relaxations have a great effect on

the electronic properties of the LaTiO3/STO HS. It is also necessary to understand

the behavior of the electron-lattice coupling near the IF where the polar discontinuity

is involved.

In the same line of arguments, whether 2DEG or other new features emerge at

the perovskite oxide IFs, the IFs between the 3d TM pyrite dichalcogenide MS2(M

= Fe, Co, Ni, etc), demand understanding because they exhibit a wide range of

interesting electrical and magnetic properties [72]. The physical properties of MS2

have been qualitatively explained by the filling of the eg band of the metal ions.

Specifically, a ferromagnetic metal CoS2 has been received interest due to its half-

metallic nature [73, 74, 75].
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Density functional theory is used to investigate the electronic and magnetic prop-

erties of the polar KTO/STO [P3], NTO/STO [P4], LGO/STO [P5], ANO/STO

[P6], ATO/STO [P7], non-polar CHO/STO [P8], (P,C,B)TO/STO [P9], and pyrtie

CoS2/FeS2 [P10] HSs. Part of the text from the published papers (above) is included

in the respective discussion sections.



22

1.2 Thesis Outline

The aim of this thesis is to gather the general overview of the electronic states at

perovskite oxides and pyrite hetero-IFs based on our investigation. The explanation of

the precise calculation methods and the structural optimization details of the different

IFs are given in Chapter 2. Results of the electronic states for the clean polar and

non-polar IFs are presented in Chapters 3 and 4, respectively. IF modifications with

the O vacancies are examined in Chapter 5. Finally, the conclusion and an outlook

are given in Chapter 6.
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Chapter II

Calculation Method and Structural

Optimization

2.1 Density Functional Theory and Methodology

Density Functional Theory (DFT) is one of the most popular, versatile and successful

quantum mechanical modelling methods used in physics, chemistry and materials

science. Formulated by Hohenberg, Kohn and Sham, it aims to describe the ground

state properties of many-electron systems in terms of electron density. Within the

framework of this approach, the many body problem of interacting electrons in a static

external potential is reduced to a much easier-to-handle problem of non-interacting

electrons moving in an effective potential. Now a days, it is applied for calculating

the binding energy of molecules in chemistry and band structure of solids in physics.

In the present work, DFT calculations are performed to investigate the electronic

properties of HSs. Therefore, the description of the method and an explanation of

its features is necessary for the correct interpretation of the results obtained from the

band structure calculations.
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2.1.1 The appropriate Hamiltonian

A solid can be described as a collection of heavy, positively-charged particles (nuclei)

and lighter, negatively charged particles (electrons). Each nucleus has a charge of

Z · e, where Z is the atomic number and e is the electronic charge. A system with N

nuclei thus leads to a problem of N + ZN interacting particles. This is a many body

problem, and demands a quantum mechanical approach because of the small mass of

the particles. The exact many particle Hamiltonian for this many body system is:

Ĥtot = T̂e(~ri) + T̂N( ~Rλ) + V̂ee(~ri, ~rj) + V̂NN( ~Rλ, ~Rσ) + V̂eN(~ri, ~Rλ) (II.1)

where T̂ e and T̂N are kinetic energy operators for the electrons and nuclei, respec-

tively. The last three terms describe the electron-electron, nuclear-nuclear, and

electron-nuclear electrostatic coulomb interactions, respectively.

In light of the Born-Oppenheimer approximation [76], we assume that the nu-

clei are much heavier, and therefore much slower, than the electrons. Hence, nuclei

can stay effectively frozen at fixed positions with only electrons being considered as

mobile. Thus as the consequence of Born-Oppenheimer approximation on equation

(II.1), the kinetic energy of the nuclei is zero and the first term disappears. The poten-

tial V̂NN( ~Rλ) term also reduces to a constant. We are then left with the kinetic energy

of the electron gas, the potential energy due to electron-electron interaction and the

potential energy of the electrons in the external potential of the nuclei. Therefore, the

Hamiltonian operator Ĥ , equation (II.1) now has only three terms: the kinetic en-

ergy of the electrons, the electron-electron (V̂ ee) and the electron-nuclear interaction

(V̂ ext). So:

Ĥtot = T̂e + V̂ee + V̂ext (II.2)

These terms (in atomic units m = ~ = e2 = 1) written as:
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T̂e = −
1

2

∑
i

~∇2

i , V̂ee =
1

2

∑
i6=j

1

|~ri − ~rj|
, and V̂ext = −

∑
i,j

Zλ

|~ri − ~Rλ|

Here ~ri and ~rj are the coordinates of electron i and j, respectively and Zλ is the

charge on the nucleus at position ~Rλ. It is important to note that the kinetic and

electron-electron terms in our Hamiltonian (II.2) depend only on a many-electron

system and not on a many-proton system, where the strong nuclear force would play

a central role. Specific information about the system (specifying the nuclei and their

positions) is entirely described by V̂ ext. The Hamiltonian obtained after applying

the Born-Oppenheimer approximation is much simpler than the original, but still

far too difficult to solve. There are several methods to reduce equation II.2 to an

approximate but suitable form. A very important one is the Hartree-Fock method. It

is frequently used in quantum chemistry because it performs very well for atoms and

molecules, however, it is less accurate for solids (neglecting the electronic correlation

effect). Here, we are not going to treat HF, but explain a more powerful and also more

accurate method: DFT, which was formerly established in 1964 by two theorems of

Hohenberg and Kohn.

2.1.2 Hohenberg-Kohn Theorems

The basis of DFT is provided by the Hohenberg-Kohn theorem [77]. The conventional

formulation of the two theorems of Hohenberg and Kohn is as follows:

Theorem 1: The non-degenerate ground state electron density ρ0 appropriately

determines the external potential Vext.

The consequence is that the external potential is a well-defined functional (func-

tion of a function) of the exact ground state electron density Vext[ρ0].

Theorem 2: The ground state total energy functional EVext
[ρ0] reaches its mini-

mal value (equal to the ground state total energy) at the correct ground state electron
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density ρ0 corresponding to Vext.

E[ρ] ≥ E[ρ0] (II.3)

for every trial electron density ρ. The ground state total energy functional EVext
[ρ]

can be written as

EVext
[ρ] =< Ψ|Te + Vee|Ψ > + < Ψ|Vext|Ψ > (II.4)

= FHK [ρ] +
∫

ρVextd~r (II.5)

where FHK [ρ] the Hohenberg-Kohn density functional is universal for any many-

electron system. Within the scope of this thesis, we do not prove again these already

established theorems, but rather explain the one-to-one correspondence ρ ←→ Vext,

universality of FHK [ρ] and the value of the ground state total energy functional

EVext
[ρ].

First, the one-to-one correspondence between ground-state density and external

potential ρ(r)←→ Vext is important to note. It is known that a given many-electron

system has a unique external potential, which yields a unique ground state of many

particle wave function by the Schrödinger equation and the Hamiltonian given in

equation (II.2). From this wave function, the corresponding electron density is easily

found. Hence, an external potential gives a unique ground-state density corresponding

to it. The first theorem of Hohenberg and Kohn demonstrates that the density

contains as much information as the wave function; thus, all observables can be

written as functional of the density, i.e. all their physical quantities can be recovered

from the density only.

Second, the universality of the Hohenberg-Kohn functional FHK [ρ(r)] should be

understood. A very well defined expression for the FHK [ρ(r)] is not known. But from

equation II.4 one can easily see that FHK [ρ(r)] does not contain any information on
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the nuclei and their position. Therefore, it is a universal functional for any many-

electron system, implying that, in principle, there exists an expression for FHK exists

which can be used for every atom, molecule or solid. Third, the ground state density

corresponding to the external potential Vext can be obtained by using the second

theorem. Of course, this is possible only when an appropriate expression is known

for FHK [ρ].

Now it is more easy to understand the meaning of the energy functional EVext
[ρ].

When it is computed for the density ρ corresponding to the particular Vext for any

solid, it gives the ground state energy. For example, for any other density ρi which is

not a ground state density ρj with the corresponding energy Ei = EVext
[ρ = ρi], will

be higher in value than the ground state energy Ej = EVext
[ρ = ρj].

2.1.3 The Kohn-Sham Equations

The Hohenberg-Kohn theorem shows that it is possible to use the ground state density

to calculate the physical properties of the system, but it does not tell us a way of

finding the ground state density. This difficulty is overcome by the Kohn-Sham

equations [78]. Describing the Kohn-Sham equations, first we will explain the two

important terms here: the exchange and correlation. The correlation energy is defined

as this part of the total energy which is present in the exact solution, but absent in the

Hartree-Fock solution. The total energy functional E[ρ] and EHF [ρ] corresponding

to the exact and Hartree-Fock Hamiltonian’s are given below,

E = T + V (II.6)

EHF = T0 + (VH + Vx) (II.7)

Here T and V are the kinetic and electron-electron potential energy functional for the

exact solution, while T0 is for the non-interacting electron gas and VH + Vx = V , VH
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and Vx are the Hartree and the exchange contribution, respectively. By subtracting

equation II.7 from II.6, we will get the correlation functional as:

Vc = T − T0 (II.8)

The exchange contribution to the total energy is defined as the part which is present

in the Hartree-Fock solution, but absent in the Hartree solution. So the Hartree

functional is,

EH = T0 + VH (II.9)

the exchange functional can be written as

Vx = V − VH (II.10)

Form the above information, we can reformulate the Hohenberg-Kohn functional as:

FHK = T + V + T0 − T0 (II.11)

FHK = T0 + V + T − T0 (II.12)

FHK = T0 + V + Vc (II.13)

FHK = T0 + V + Vc + VH − VH (II.14)

FHK = T0 + VH + Vc + V − VH (II.15)

FHK = T0 + VH + Vc + Vx (II.16)

FHK = T0 + VH + Vxc (II.17)

where Vxc = Vc+Vx is the exchange-correlation energy functional. If, for a moment,

we assume that we know the Vxc, then we can easily write energy functional as:
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EVext
[ρ] = T0[ρ] + VH [ρ] + Vxc[ρ] + Vext[ρ] (II.18)

The corresponding Hamiltonian is called the Kohn-Sham Hamiltonian and is given

below

ĤKS = T̂0 + V̂H + V̂xc + V̂ext (II.19)

The exchange-correlation potential is given by the functional derivative of the exact

ground state density,

V̂xc =
δExc[ρ]

δρ
(II.20)

Now the Kohn-Sham theorem can be formulated as the exact ground state density ρ

for an N electron system, given by:

ρ =
∑
i=1

φ∗
i φi (II.21)

where φi is the single particle wave function. Finally, the Kohn-Sham equations can

be written as:

ĤKSφi = ǫiφi (II.22)

The Kohn-Sham method is an exact formulation in order to describe the ground state

properties of many-electron systems. But the exchange-correlation functional in the

Kohn-Sham Hamiltonian ĤKS is still unknown (as it contains the difficult exchange

and correlation contributions) and demands further approximation and analysis.

2.1.4 Exchange-Correlation Functional

The Kohn-Sham equation is formally exact to solve the many-particle system. How-

ever the solution depends on the quality of the approximation of the exchange-

correlation functional. Unfortunately, it is impossible to calculate the exact this

functional for a system. The most widely used approximation to the exchange-

correlation energy functional is the local density approximation (LDA) [77, 78]. In

this approximation the exchange-correlation energy is comparable to the value for

a homogeneous electron gas having the almost constant electron density. The local
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exchange-correlation functional in the LDA with a density ρ is given as

ELDA
xc [ρ] =

∫
ρ(~r)ǫhom

xc (ρ(~r))d3(~r) (II.23)

where ǫhom
xc (ρ(~r)) is the exchange-correlation energy per particle for a uniform electron

gas with a constant local density ρ. According to this approximation, the many-

electron system is divided into infinitesimally small regions located at positions r,

each of which contain a homogeneous interacting electron gas with a constant local

density ρ. Particularly, the LDA is exact approximation in the case of a constant

charge density, but surprisingly, it also works well for other realistic cases. Magnetic

materials, where the spin-polarization of the material has been needed, are modelled

using the Local Spin Density approximation. In such cases local electron density is

divided into spin up and spin down electron densities (ρ↑(~r), ρ↓(~r)). The total electron

density in the material is the sum of the two densities and the magnetization or the

spin polarization ζ(~r) is also taken into account to characterize the system as:

ρ(~r) = ρ↑(~r) + ρ↓(~r), ζ(~r) =
ρ↑(~r)− ρ↓(~r)

ρ↑(~r) + ρ↓(~r)
(II.24)

So the equation (II.23) in the spin polarized case takes the form

ELDA
xc [ρ(~r), ζ(~r)] =

∫
ρ(~r)ǫhom

xc (ρ(~r), ζ(~r))d3(~r) (II.25)

The relation between exchange-correlation functional and the spin dependent exchange-

correlation potential for a LDA is given by

Vxc(ρ(~r), ζ(~r)) =
δELDA

xc [ρ(~r), ζ(~r)]

δρ(~r)
(II.26)

However, the LDA drastically fails, especially when there exists a rapid variation

in the electron density, such as in molecules, at surfaces or for strongly correlated

electron systems. This leads to a well known problem of the underestimation of the
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band gap in semiconductors and insulators, for example, results in a major drawback

for the study of defects at semiconductor-oxide IFs. To overcome this deficiency,

many approximations have been made. The most widely used is the generalized

gradients approximation (GGA) [79, 80], where the electronic density is not slowly

varying. In this approximation the exchange-correlation functional is a function of

both the electron density and the gradients of the electron density |∇ρ(~r)|. Thus,

in many cases the GGA improves the total energies, structural optimization, binding

energy of molecules, and also the ground state properties of the transition elements

as compared to the LDA. Symbolically, GGA can be written as:

EGGA
xc [ρ(~r)] =

∫
ρ(~r)ǫxc(ρ(~r),∇ρ(~r))d3(~r) (II.27)

In case of spin polarization it takes the form:

EGGA
xc [ρ↑(~r), ρ↓(~r)] =

∫
ρ(~r)ǫxc(ρ↑(~r), ρ↓(~r),∇↑ρ↑(~r),∇↓ρ↓(~r))d

3(~r) (II.28)

It is worth noting that some systems are not correctly described with LDA and

even with GGA, the case of CoO, where the band gap is much underestimated with

respect to experiments. Furthermore, for the Mott-Hubbard insulators (the band gap

exists between bands of same character, such as 3d character) a band model gives

a metallic picture with the LDA and the GGA. Therefore, it is suggested that an

extra parameter U, in the frame of the Hubbard model [81], should be added in the

Hamiltonian of the LDA and the GGA in order to get the correct band gap value.

The resulting approximations are known as LDA+U and GGA+U. However, for some

perovskite oxides these approximations do not work even for the higher values of the

U parameter. The STO system, which has a experimental band gap of 3.2 eV is well

known. By applying the LDA+U and GGA+U (U = 6 to 10 eV) on this system,

one can get only 2.2 to 2.6 eV band gap value which is very low as compared to the

experimental value. To overcome this difficulty, there is another functional to increase
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the reliability of DFT, the hybrid functional, which includes a part of exact Hartree-

Fock exchange energy and an explicit density functional. With this functional, the

exchange-correlation energy can be usually written as:

Exc =
∫

Eλ
xcdλ (II.29)

which connects the non-interacting system (λ = 0) to the fully interacting real system

(λ = 1). In the recent years, hybrid functional methods have been used for solids to ac-

curately calculate the band gaps, lattice parameters, bulk moduli, formation energies

and other related properties. Particularly, hybrid functional methods are appealing

due to their reliability to overcome GGAs failure to reproduce the experimental band

gaps. However, usage of the hybrid functional demands huge computational expense,

and hence is applied only when the exact band gap is crucial. In this work, the LDA

and GGA functional are used to study the electronic IF states for different HSs and

our results compare reliably with experiments.

In this theoretical study, the WIEN2k code has been used in which the full poten-

tial linearized augmented plane wave method is implemented within the frame work

of DFT. In order to get accurate results, different parameters provided by the code,

e.g., RmtKmax and the proper number of k-points must be taken into account. Where

Rmt is the muffin-tin radius around each atom and Kmax is the plane wave cut off

and Rmt is chosen in such away that there is no charge leakage from the core and

total energy convergence is ensured. It is noticed that this code is suitable for study-

ing IF systems. All HSs under consideration are fully relaxed using the atomic force

minimization, as it is known that the electronic properties in the vicinity of the IF

critically depends on the structural details [50]. The force minimization is converged

up to 3-5 mRy/a.u. The RmtKmax = 6 and ∼ 30 k-points in the irreducible wedge

of the Brillouin zone are chosen for all calculations in this chapter for structural re-
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laxation. It is observed that these values are reliable for the structural optimization

process. For other physical properties, these parameters are modified to obtain more

precise results. The GGA is used for the relaxation process for all the systems, as this

exchange correlation functional is more convenient than the LDA for optimization.

For other calculations, these parameters have been modified accordingly to obtain

accurate results.

2.2 Structural Optimization

The supercells are modeled by setting the average lattice constant of STO and ABO3

(A = K, Na, La, Pb, Ca, Ba, Ag, and B = Ta, Ga, Ti, Nb). For all the n and

p-type IFs, the structural optimization by force minimization is taken into account.

Both the n and p-type IFs are realized in the supercell, as shown in Figs. 2.1. In

general, STO is used as a substrate with at least 10 unit cell and further deposition

of 4-6 unit cell of the respective ABO3 perovskite in each IF. It is experimentally

observed that, for LAO/STO and LGO/STO IFs, the critical thickness in order to

obtain the 2DEG is at least 4 unit cell of LAO and LGO. Therefore, we started our

calculations with the same number of ABO3 unit cells on STO. The IF between the

two pyrite compounds is modeled by a supercell consisting of 8 layers of FeS2 and 8

layers of CoS2, shown in Fig. 2.2, where each layer comprises 2 in-equivalent Co/Fe

atoms. The averaged lattice constant of FeS2 and CoS2 is used for the ab-plane of

our supercell. It is also observed that near IF region, magnetic properties critically

depend on structural details.

The results obtained after the relaxation are summarized in Table. 1. The ex-

perimental lattice constant for cubic KTO and STO are 3.988 Å and 3.905 Å, re-

spectively [82, 45]. So the lattice mismatch between KTO and STO is only 2%. We

find that the K-O and Sr-O bond lengths increase slightly (0.1% outwards from the
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OTiBSrA

n-typep-type

Figure 2.1: Schematic representation of the ABO3/STO supercell with TiO2

terminated-type and SrO terminated-type IFs

IF) near the IF region. The Ta-O and Ti-O bond lengths slightly shrink at the IF

(0.6% and 0.4% inward to the IF, respectively). On the other hand, the lattice mis-

match between NTO 3.931 Å [27] and STO 3.905 Å is very small (less than 1%). The

changes in the bond lengths at the NTO/STO IFs are similar as found in KTO/STO

IF, but small in amount. The Na-O and Sr-O bond lengths move slightly outward

by 0.04%. The Na-O and Ti-O bond lengths move inward by 0.4% and 0.3%, respec-

tively. For ANO/STO and ATO/STO IFs the lattice mismatch is less than 2%. So

the distortion pattern is very similar to that of the KTO(NTO)/STO IFs as discussed

above. The almost perfect matching of the lattice constants (less than 1%) between

the component materials, LGO/STO IF exhibit the minor strain effects.

In the case of non-polar IFs, CHO/STO and CTO/STO, we obtain less pro-

nounced distortions of the O octahedra. In contrast, the structural relaxation shows

Figure 2.2: Schematic representation of the CoS2/FeS2 IF. Large and small spheres
represent Fe/Co and S, respectively.



35

Table 2.1: Structural relaxation by atomic force minimization within GGA approxi-
mation. All the bond length are in Å.

IFs
A-O B-O Ti-O

Before After Before After Before After

KTO/STO 2.281 2.283 2.000 1.989 2.000 1.992

NTO/STO 2.763 2.764 1.954 1.947 1.954 1.948

ATO/STO 2.784 2.785 1.955 1.945 1.955 1.947

ANO/STO 2.781 2.782 1.966 1.954 1.966 1.953

LGO/STO 2.762 2.765 1.948 1.940 1.948 1.946

CHO/STO 2.761 2.762 1.955 1.943 1.955 1.640

CTO/STO 2.747 2.749 1.936 1.928 1.945 1.915

PTO/STO 2.805 2.765 2.476 2.302 1.937 1.893

BTO/STO 2.785 2.687 2.066 1.948 1.952 1.868

much stronger effects for PTO/STO and BTO/STO IFs. PTO and BTO crystallize

in a tetragonal structure with space group no. 99 (P4mm). The experimental lattice

constants are a = 3.905 Å(3.994 Å) and c = 4.156 Å(4.034 Å) for PTO(BTO) [83, 84].

While CTO crystallizes in an orthorhombic structure with space group no. 62 (Pbnm)

having experimental lattice constants are a = 5.467 Å, b = 5.823 Å, and c = 7.746

Å [85]. The average lattice constant is used for the PTO/STO in the ab-plane, while

a tetragonal approximation is taken into account for the BTO/STO HSs. In case of

PTO/STO system, Pb-O bond lengths decreases by 1.4% and Sr-O increases by 1.9%.

The Ti-O, bond lengths for STO and PTO, substantially decrease to 2% and 6% near

the IF region along the (001) direction, respectively. Similarly for the BTO/STO,

both the Ba-O and Sr-O bond length become shorter by 4%. The Ti-O bonds for

STO and BTO near the IF decrease by 4% and 6%, respectively. Our structural

relaxation therefore confirms the previous findings for the PTO/STO and BTO/STO

HSs [86, 87].

The experimental lattice constants of cubic FeS2 and CoS2 are 5.416 Å and 5.508

Å, respectively. Thus, the lattice constant mismatch is less than 2%. We find that

the bond length between Fe-Fe (3.831 Å) and Co-Co (3.831 Å) is virtually the same
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in the bulk like region of our supercell before and after the structural relaxation. On

the contrary, in the vicinity of the IF there are relevant changes in the bond lengths:

3.825 Å for Fe-Fe and 3.832 Å for Co-Co. Also a significant change affects the Fe-S

(2.256 Å in the bulk) and Co-S (2.257 Å in the bulk) bond lengths at the IF: 2.2490

Å for Fe-S and 2.2545 Å for Co-S. Furthermore, the Fe-S-Co bond angle decreases

at the interface (IF) from 116.16° to 115.18° during the structural, supporting the

ferromagnetic (FM) exchange.

In summary, due to a minimal lattice mismatch between the component materials

in the polar systems, the structural optimization results only in very small modifica-

tions of the bond lengths in the vicinity of the IF as compared to related IFs, such

as LAO/STO. For the non-polar PTO and BTO, the structural relaxation shows a

significant effect on the chemical bonding near the IF region as previously reported in

band structure calculations [86, 87]. For pyrite HS, changes in the chemical bonding

are also considerable.
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Chapter III

Polar Perovskite Oxide Interfaces

In this chapter we discuss the results of calculations for polar perovskite oxide ABO3/STO

(A = K, Na, Ag and B = Ta, Nb) HSs and compare then with the experimental ob-

servations.

3.1 KTaO3/SrTiO3 and NaTaO3/SrTiO3 Interfaces

The bulk electronic structures of KTO, NTO and STO are well studied [88, 89, 11],

whereas theoretical investigations of the (K,Na)TO/STO IFs are absent from the

literature. Experiments demonstrate that the KTO/STO IF shows a very close re-

semblance to the LAO/STO IF [90]. Even though at the (KO)−/(TiO2)
0 IF 0.5 holes

per unit cell are transferred, while at the (LaO)+/(TiO2)
0 IF 0.5 electrons are trans-

ferred. However, the 2DHG in this case is found to have a charge carrier density of ∼

1013cm−2, which is considerably less than in LAO/STO, for example. Therefore, we

are also going to study the NTO/STO IF and address the question of whether the

chemical similarity between K and Na (same valence) can be exploited to improve the

charge carrier density while maintaining the less involved mechanism for the creation

of the 2DHG. The fully relaxed crystal structures of the KTO/STO and NTO/STO
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IFs are used for the self-consistent calculations. A 19 × 19 × 1 k-space grid, which

comprises 55 points within the irreducible wedge of the Brillouin zone, is employed.

The self-consistency is attained when total energy convergence is less than 10−4 Ry.

The (K,N)TO/STO IFs are modelled by means of the supercell approach. Per-

pendicular to the IF, we stack 6 unit cells (∼ 2.4 nm thickness) of both KTO and

NTO and 10 unit cells of STO (∼ 4 nm thickness) along the (001) direction and ap-

ply the periodic boundary conditions. Our supercells therefore contain both a TiO2

terminated (K/NaO)−/(TiO2)
0 p-type and a SrO terminated (TaO2)

+/(SrO)0 n-type

IF. In order to establish a qualitative description of the atomic and orbital origin

of the different electronic states, the calculated partial densities of states (DOS) for

KTO/STO and NTO/STO, projected on the Ta/Ti and O atoms in the vicinity of

the IFs are shown in Fig. 3.1 and Fig. 3.2, respectively.

Figures 3.1(a)/(b) and 3.2(c)/(d) refer to the (TaO2)
+/(SrO)0 n-type IFs, whereas

3.1(c)/(d) and 3.2(a)/(b) address the (KO)−/(TiO2)
0 and (NaO)−/(TiO2)

0 p-type

IFs, respectively. The DOS clearly indicates a metallic IF state for both type of IFs.

The metallicity at the p-type IF comes from O 2p states and the Ti/Ta 3d/5d states

(not shown here) are very far away from the Fermi energy (EF ). The O 2p states shift

considerably to higher energy and becomes partially unoccupied in the TaO, TiO2

and TaO2 (off the IF) layers leaving the IF metallic. A sharp O DOS peak at EF could

be indicative of IF magnetism in this system. In order to clarify this point, we have

performed spin-polarized ferromagnetic calculations. Our results show no moment

(<0.01 µB) for the Ti and Ta atoms, while a significant magnetic moment of 0.05

µB arises for the O atoms in the IF KO layer. Therefore, we encounter a situation

of isolated magnetic moments within the metallic IF slab. A similar observation

from the DOS as shown in Figs. 3.2(a) and (b) has been found for the p-type IF in

NTO/STO system. Our results indicate substantial moments of 0.08 µB and 0.03 µB
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Figure 3.1: Projected Ti, Ta, and O densities of states for the fully relaxed KTO/STO
interface.

for the O atoms in the NaO and TiO2 IF layers.

For the n-type (TaO2)
+/(SrO)0 IFs both in KTO/STO and NTO/STO DOS are

shown in Figs. 3.1(a)/(b) and Figs. 3.2(c)/(d), respectively. The Ti 3d and Ta 5d

states are responsible for the conductivity with a very little O 2p admixtures due to

hybridization. Due to the charge redistribution at the IF, the Ti 3d and Ta 5d states

shift considerably to lower energy, thereby crossing the EF . The IF finally exhibits

metallicity as the Ti 3d and Ta 5d states become partially occupied in the TiO2 and

TaO2 (off the IF) layers. Due to the symmetry breaking induced by the crystal field,

the Ti 3d states split into d3z2−r2, dxy, dx2−y2 and degenerate dxz + dyz symmetry

components.
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Figure 3.2: Projected Ti, Ta, and O densities of states for for the fully relaxed
NTO/STO interface.

Further evaluation of the DOS allows us to determine the electron and hole counts.

For KTO(NTO)/STO, we find 0.12(0.22), 0.07(0.08), and 0.03(0.04) O 2p holes in

the TiO2, KO(NaO), and TaO2 layers, respectively. The corresponding hole densities

are 7.5 · 1013/13.8 · 1013 cm−2, 4.8 · 1013/5.2 · 1013 cm−2, and 1.9 · 1013/2.5 · 1013

cm−2, respectively. Similarly, the number of electrons for the filling of Ti/Ta 3d/5d

orbitals are 0.075/0.069 and 0.10/0.11 for KTO/STO and NTO/STO, respectively.

The corresponding electron densities are 4.7·1013/4.3·1013 cm−2 and 6.2·1013/7.0·1013

cm−2, respectively. We observe that the charge carrier density at the NTO/STO IFs

is significantly improved as compared to the KTO/STO HS. Experimental data is not

available for our NTO/STO system. Besides the higher charge carrier density, the

calculated electronic structure is fully in line with previous findings for the KTO/STO.
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This is particularly true for the mechanism leading to the creation of metallic states.

The formation of the 2DEG and 2DHG in our systems is thoroughly captured by

the occupation changes of the TMs d and O 2p orbitals. We find that, in the vicinity

of the n-type IF, the TM atoms gain electrons, while the O atoms gain holes at the

p-type IF, see Figs. 3.1 an 3.2. Concerning the spatial extension of the metallic IFs

states, we find they are restricted to a narrow region around the IF. Charge transfer

effects mainly occur within the first TiO2/TaO2 layer off the IF for n-type IF for

both systems, which shows a clear metallic nature, see Figs. 3.1(a)/(b) and Figs.

3.2(c)/(d). The second TiO2/TaO2 layer, in contrast, is at the edge of metallicity

(not shown here), with only little metallic states left. Regions even further off the

IF determined as insulating. Consequently, the 2DEG formed at the KTO/STO and

NTO/STO hetero-IFs is restricted to an area of about 12 Å and 11.7 Å thickness

(perpendicular to the IF plane). Similarly, the total width of the 2DHG in p-type IFs

are 8.1 Å and 7.8 Å, respectively.

In summary, we conclude that the metallicity in the present cases is obtained

without taking into account O vacancies or other kind of structural defects. However,

the metallicity can be improved by considering the O vacancies. A detailed analysis of

the site-projected partial DOSs indicates that the metallic IF states mainly originate

from the Ti/Ta 3d/5d orbitals in the case of the n-type IFs, while the O 2p orbitals

are responsible for the 2DHG in the case of the p-type IFs. Moreover, in the vicinity

of the n-type IFs, the TM atoms gain electrons, while the O atoms gain holes at

the p-type IFs with a very small hybridization. We observe that the charge carrier

density at the NTO/STO IFs is significantly improved as compared to the KTO/STO

hetero-IFs. Our spin-polarized calculations show no magnetic moment on the Ti and

Ta atoms, while significant moments are formed on the O 2p atoms at the p-type IFs.
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3.2 AgNbO3/SrTiO3 and AgTaO3/SrTiO3 Interfaces

Epitaxial IFs of perovskite oxides are of great interest for possible device applica-

tions due to fascinating and tunable properties such as extremely high mobility (104

cm−2V−1s−1) and significant charge carrier density (3.3·1014 cm−2), for example in n-

type (LaO)−1 /(TiO2)
0 IF for LAO/STO HS. On the other hand, the 2DHG at p-type

IFs have been less studied as compared to the n-type IFs. The p-type IF in LAO/STO

system shows the insulating behaviour. Similarly, experiment demonstrates a band

gap for the (NaO)−1/(TiO2)
0 p-type IF in NaNbO3/STO [91]. Theoretically, it has

been found that the metallicity in this system depends on the IF configuration and

layer ratio [92]. In contrast, the p-type IFs in KTO/STO, NTO/STO, and LGO/STO

HSs show a metallic behavior [P1, P2, P3] with a significant charge carrier density.

Various studies have been done for metallic polar HSs on different physical phe-

nomena. A main issue is also the thickness of the two dimensional gases induced

at the IF, which is generally around 1 to 2 nm [60, 93]. The thinner the electron

gas the stronger is its quantum nature. For example, it is observed that an ultra

small thickness of the 2DHG is important for enhancing the spin Hall and Rashba

effect [43, 44]. To aim this, we propose to introduce highly electronegative A site

cations (such as Ag: 1.93) to better confine the quantum gas. Recently, it is theoret-

ically found that the larger electronegativity of Ru (2.20) is the major factor behind

the extreme confinement of the 2DEG in SrRuO3/STO superlattices [94]. Therefore,

a systematic theoretical investigation of the mobile 2DHG formed at the IFs between

the perovskite oxides ANO(ATO) and STO is performed and the results are compared

to related HSs.

The bulk electronic structures of ANO and ATO are well studied. Experimental

values of the band gap are 3.96 eV for ANO and 3.41 eV for ATO. Our calculated GGA

band gaps for bulk ANO and ATO are 1.53 eV and 1.79 eV, respectively. These values



43

-3 -2 -1 0 1 2 3
E-E

F
 (eV)

0

1

2

3
Nb 4d
O 2p (NbO

2
 layer)

(c)

-3 -2 -1 0 1 2 3
E-E

F
 (eV)

0

1

2

3
Ti 3d
O 2p (TiO

2
 layer)

(b)

-3 -2 -1 0 1 2 3
E-E

F
 (eV)

0

1

2

3

D
O

S 
(s

ta
te

s/
eV

)

Ag 4d (:3)
O 2p (AgO layer)

(a)

Figure 3.3: Projected Ag, Ti, Nb, and O DOSs at the fully relaxed ANO/STO p-type
IF. The Ag 4d curve is down scaled by a factor 3 for clarity.
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Figure 3.4: Projected Ag, Ti, Ta, and O DOSs for for the fully relaxed ATO/STO
p-type IF. The Ag 4d curve is down scaled by a factor 3 for clarity.

are in agreement with previous band structure calculations [95]. The supercell is

modelled by taking the average lattice constants for both ANO/STO and ATO/STO

HSs. Three-dimensional periodic boundary conditions apply, where the supercells

consist of 6 unit cells (∼2.4 nm thickness) of ANO(ATO) and 10 unit cells of STO

(∼4 nm thickness) along the (001) direction. By construction, both a TiO2 terminated

p-type (AgO)−1/(TiO2)
0 and a SrO terminated n-type (Nb/TaO2)

+/(SrO)0 IFs are

present in our supercells. For the self-consistent calculations, fully optimized crystal

structures of the ANO/STO and ATO/STO IFs are used. A 11 × 11 × 2 k-space

grid which comprises 42 points within the irreducible wedge of the Brillouin zone

is employed. Self-consistency is attained when total energy convergence is less than

10−4 Ry.

The calculated partial DOSs of the (AgO)−1/(TiO2)
0 p-type IFs projected on Ti,

Nb/Ta, Ag, and O atoms next to the IF for both ANO/STO and ATO/STO HSs are
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depicted in Fig. 3.3 and Fig. 3.4, respectively. The DOSs clearly indicate the metallic

states for both HSs. The IF metallicity mainly comes from the O 2p states in the TiO2

layers with considerable contributions of the O 2p states in the adjacent AgO and

NbO2 and TaO2 layers, see Figs. 3.3 and 3.4. Due to charge redistribution at the IF,

the O 2p states shift significantly to higher energy and become partially unoccupied,

which leaves the IF metallic. Interestingly, the Ag 4d states shift to higher energy

and contribute remarkably to the metallic IF states. Such a crossing of the EF is not

observed for other polar IFs with less electronegative A site cations. The IF Ti 3d

and Nb/Ta 4d/5d states (located exactly next to the AgO IF layer) do not contribute

to the metallicity, see Figs. 3.3 and 3.4. The same apply to the Ag 4d states in the

third layer from the IF. A strong hybridization between the O 2p and Ag 4d states at

the AgO IF layer is found near EF , which has also been observed experimentally for

ANO/STO system [96] and illustrates that the hole mobility is high enough to induce

conductivity in the present systems.

Evaluation of the DOSs yields the O 2p hole amounts to 0.03/0.05, 0.17/0.18,

and 0.01/0.02 in the AgO, TiO2, and NbO2/TaO2 layers, respectively for both p-type

IFs and the corresponding charge carrier densities are 1.8·1013 cm−2/3.2·1013 cm−2,

10.7·1013 cm−2/11.8·1013 cm−2, and 0.7·1013 cm−2/1.6·1013 cm−2. Furthermore, the

Ag 4d orbitals contain 0.04 and 0.06 holes with a significant value of charge carrier

densities of 2.7·1013 cm−2 and 4.9·1013 cm−2 for ANO/STO and ATO/STO HSs,

respectively. Thus, the hole carrier densities in ANO/STO and ATO/STO are much

higher than that in KTO/STO [90] and in the n-type IF in LAO/STO at very low

temperature [60, 97, 98].

The Ti 3d, Nb 4d, Ta 5d, and O 2p partial DOSs for the (NbO2)
+/(SrO)0 and

(TaO2)
+/(SrO)0 n-type IFs for ANO/STO and ATO/STO are shown in Fig. 3.5 and

Fig. 3.6, respectively. The Ti 3d and Nb/Ta 4d/5d are mainly responsible for the
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Figure 3.5: Projected Ti, Nb, and O DOSs for for the fully relaxed ANO/STO n-type
IF. The Ti 3d curve is down scaled by a factor 2 for clarity.

IF metallicity with a minor contribution of O 2p in the NbO2/TaO2 and SrO IF

layers. Due to the charge transfer at the IF, the Ti 3d and Nb/Ta 4d/5d states shift

to lower energy and become partially occupied, where the shift of the Nb/Ta 4d/5d

states is considerably higher than that of the Ti 3d states. Therefore, the Nb/Ta

states are mainly responsible for the IF metallicity, but the considerable contribution

of the Ti atoms next to the SrO IF layer can not be neglected. The calculated

number of electrons in the Ti 3d and Nb/Ta 4d/5d orbitals amount to 0.06/0.07

and 0.10/0.11, respectively, which corresponds to charge carrier densities of 3.6·1013

cm−2/4.5·1013 cm−2 and 6.5·1013 cm−2/6.6·1013 cm−2. From the DOSs one can also

notice a significant hybridization between the Ti 3d and Nb/Ta 4d/5d states around

EF , see Figs. 3.5 and 3.6. Ag does not contribute to the metallicity in this case.

In order to get a deeper insight to the unusual behavior of the p-type IF, the

calculated band structures are shown in Fig. 3.7 and Fig. 3.8 for ANO/STO and

ATO/STO, respectively. A pronounced hybridization between the Ag 4d and O 2p

states is noticed, particularly at the X point between the Ag d3z2−r2 and O px, py (in

the AgO IF layer) states. A substantial hybridization is also found at the Γ point

between the Ag dxy + dyz and O px, py (in the TiO2 IF layer) states. This is not
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Figure 3.6: Projected Ti, Ta, and O densities of states for for the fully relaxed
ATO/STO n-type IF. The Ti 3d curve is down scaled by a factor 3 for clarity.
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Figure 3.7: Orbitally weighted band structures for the fully relaxed ANO/STO p-type
IF.

the case for the closely related (KO)−1/(TiO2)
0 and (NaO)−1/(TiO2)

0 p-type IFs,

where the A site cations K and Na do not contribute to the metallic IF states and

no hybridization between the K/Na and O 2p states is found [92]. Furthermore, at M

point the O px and py orbitals dominate. From Figs. 3.7 and 3.8, it is clear that the

O 2p hole density is much larger in the IF TiO2 layer than the O 2p and Ag 4d hole

densities in the AgO IF layer, confirming the calculated hole densities, as mentioned

above.

Effective band masses can be calculated from the curvature of the bands in Fig. 3.7

and 3.8 by using the relation m∗ = −~
2(d2ǫ/dk2)−1 which can also used to estimate
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Figure 3.8: Orbitally weighted band structures for the fully relaxed ATO/STO p-type
IF.

the hole mobility. Using the one-band approximation (because there are no degenerate

bands) the effective mass is obtained from the curvature at the extreme points. The

band extrema are fitted by parabolic curves to obtain the curvature. Contributions

from the high symmetry points X and M result in hole effective masses of 3.28me

and 3.32me for ANO/STO and ATO/STO, respectively, where me is the mass of the

bare electron. The negative sign reflects that we deal with hole. Our calculated m∗ is

similar in magnitude to that of LAO/STO [60, 93], which has important applications.

For example, thermoelectric power is improved, because the gain in the Seebeck

coefficient is quadratic in m∗, while the loss in mobility is linear [99]. Hole mobilities

at zero Kelvin can be calculated from the relation µ = eτ/m∗, where the relaxation

time τ is assumed to be 35 fs, following estimations in literature [100, 101]. We obtain

hole mobilities of 19.3 cm2V−1s−1 and 18.6 cm2V−1s−1 for ANO/STO and ATO/STO

HSs, respectively, which is of the same order of magnitude as found for the highly

mobile electron gas in LaTiO3/STO.

The formation of the IF metallic states in our systems is a consequence of the

different occupation of the TMs d and O 2p orbitals. We find that for the p-type IF

the Ag and O atoms lose substantially charge near the IF region, while the TM atoms

gain charge in case of the n-type IFs. Moreover, we note that the metallic states are
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strongly restricted to a very narrow region for the p-type IFs as compared to other

related p-type IFs in NaNbO3/STO, KTO/STO, and NTO/STO. This may be related

to strong hybridization between the Ag 4d and O 2p orbitals in the vicinity of the

IF which enhances the spatial homogeneity of the hole gas. The total width of the

metallic regions are 5.6 Å and 4.9 Å (perpendicular to the IF plane) for ANO/STO

and ATO/STO, respectively, which is much smaller than the thickness at the other

related polar IFs [P1, P2]. Thus, the reduced thickness of the metallic region of the

hole gas at p-type IFs for the present systems results from the high electronegativity

of the Ag ion as compared to other common A site cations including Na and K.

The hole gases in our systems are restricted to a narrow region in the vicinity of the

IFs and therefore much closer to a real 2DHG than in other related cases, including

LAO/STO. Recently it was observed that very thin 2DEG confirms the 2D nature of

the transition into a superconducting ground state for samples preparation [51, 102].

Similarly, the ultra small thickness of 2DHG is as important as the that of the 2DEG.

For the n-type IF, the charge transfer is strongest within the first NbO2/TaO2 and

TiO2 layers off of the SrO IF layer and decreases rapidly away from the IF. The second

NbO2/TaO2 and third TiO2 layers are at the verge of metallicity (not shown here),

while atoms further away show insulating behavior. The total width of the metallic

regions amount to 12.7 Å and 15.8 Å for ANO/STO and ATO/STO, respectively,

which are comparable to the results for other related IFs. Experimental data are not

available for both systems for comparison.

Concerning to the ultra small thickness of the p-type IFs, an isosurface plot for

the hole states is presented in Figs. 3.9. The charge density isosurfaces plot for the

(AgO)−1/(TiO2)
0 p-type IF at ANO/STO is illustrated in Fig. 3.9(a) and compared

to analogous results for the (NaO)−1/(TiO2)
0 p-type IF at NTO/STO is shown on the

right side of the figure. Similarly, the charge density isosurfaces plot for p-type IF at
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(a) (b)

Figure 3.9: Isosurface plots of the hole states from EF to 0.5 eV at the ANO/STO (a)
and ATO/STO (b) p-type IFs. The dashed lines are a guide to the eye, highlighting
the spatial extension of the hole gas. The same color code as in Fig. 2 is used.

ATO/STO is depicted in Fig. 3.9(b), and for comparison, the right panel in the figure

represents the plot for KTO/STO. These plots confirm that the Ag atoms (left side)

in both HSs are characterized by metallic states while Na and K (right side panels)

do not contribute to the metallic states. The 2DHG is restricted to a very narrow

region of only 5.6 Å and 4.9 Å thickness (dotted lines in Fig. 3.9) for ANO/STO and

ATO/STO, respectively. In contrast, for the (NaO)−1/(TiO2)
0 and (KO)−1/(TiO2)

0

p-type IF in both of ANO/STO and KTO/STO the metallic region spans. It is

also found that at the (NaO)−1/(TiO2)
0 p-type IF in NaNbO3/STO the metallic

region extends twice as wide. Therefore it is the different electronegativity of Ag and

Na/K which leads to different thicknesses of hole gases. The spatial extension of the

metallic region is clearly reduced due to Ag, since its high electronegativity results

in an enhanced covalent bonding with the surrounding O atoms and, consequently,
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a long range charge transfer is suppressed. Furthermore, as a consequence of the

covalent bonding between Ag and O, a high hole mobility is expected.

In conclusion, metallic states are found for both the p and n-type IFs in ANO/STO

and ATO/STO HSs. In the vicinity of the p-type IFs, the O atoms gain holes, while

the TM atoms gain electrons at the n-type IFs. For the n-type IFs, the metallic

region spans over a wide range. In contrast, strong covalent bonding between the Ag

4d and O 2p states at the p-type IFs leads to a confinement of the hole gas to a narrow

region around IF. The hole gases also show high carrier densities and mobilities, which

are comparable in magnitude with the mobility of the electron gas in LaTiO3/STO.

Therefore, the ANO/STO and ATO/STO HSs allow us to get much closer to a truly

two-dimensional quantum system than in related HSs and are strong candidates for

nanoscale oxide device applications.

3.3 LaGaO3/SrTiO3 Interface

A 2DEG is observed at the n-type IF for LGO/STO HS [103, 104]. This IF shows

a superconducting state at low temperature (TC ∼ 150 mK), similarly, as previously

reported, for LAO/STO [51, 106]. Interestingly, the lattice match of LGO with STO

is much better than that of LAO with STO. The electronic structures of bulk LGO

(polar) and STO (non-polar) are well-studied, experimentally and theoretically, which

does not apply to the LGO/STO IF. In this context, density functional calculations

of the electronic structure of LGO/STO superlattice are performed with the fully

relaxed structure for both type (i) electron doped (LaO)+/(TiO2)
0 (n-type) and (ii)

hole doped (GaO2)
−1/(SrO)0 (p-type) IFs. The exchange-correlation potential is

parametrized in the GGA. For the wave function expansion inside the atomic spheres,

a maximum value of the angular momentum of lmax = 12 is taken and a plane-wave

cutoff of RmtKmax = 6 with Gmax = 18 is used. For the IF calculations, we use a
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Figure 3.10: The calculated partial and l-resolved DOSs which are obtained by pro-
jections on the Ti 3d and O 2p layers at the fully relaxed LGO/STO n-type IF.

15 × 15 × 1 k-space grid which contains 36 points within the irreducible wedge of

the Brillouin Zone. For good energy convergence, all the parameters are carefully

checked.

Calculated energy gaps for the bulk LGO and STO are 3.67 eV and 1.89 eV,

respectively, within the GGA. These values are in agreement with previous band

structure calculations [107, 11]. It is experimentally [103, 104] observed that the crit-

ical thickness for LGO/STO HS is 4 unit cells of LGO, similar to that of LAO/STO.

As a result, we modeled our supercell, consisting of 4 unit cells of LGO and 8 unit

cells (∼3 nm thick slab) of STO along (001) direction of STO. For the supercell, we

use an average lattice constant of 3.884 Å for both the LGO and STO regions. To

resemble the experiment, we have constructed an n-type (GaO2)/LaO/TiO2) IF. We

also studied a p-type (LaO/GaO2)/SrO) IF.

Figure 3.10 shows the calculated partial and l-resolved DOSs which are obtained

by projections on the Ti 3d and O 2p layers at the n-type IF. The DOS clearly

indicates the metallic behavior for the IF. This metallicity is not changed even after

relaxation. Due to electronic reconstruction at the IF, the states shift considerably

to lower energy, which affects the conduction band only. Due to the energetically
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Figure 3.11: The calculated partial DOSs which are obtained by projections on the
Ti 3d and O 2p layers at the IF of fully relaxed LGO/STO p-type IF.

downshift, the conduction states cross the Fermi energy EF and consequently leave

the IF metallic. The metallic nature perfectly resembles the experimental findings of

Perna et al. and Aruta et al. [103, 104]. It is clear from the Fig. 3.10(a), the states

near the EF mainly comes from Ti 3d states and are partially occupied, with a small

occupation of O 2p states. Due to a crystal field symmetry breaking the Ti 3d states

split into d3z2−r2, dxy, dx2−y2 and dxz + dyz states. Fig. 10(b) clearly indicates that

the metallicity at the IF comes from the filling of Ti dxy and dxz + dyz states, while

d3z2−r2 and dx2−y2 states remain unoccupied, since they mediate direct overlap with

the Ti atoms and therefore appear at higher energy. The 2DEG extends to 7.8 Å

perpendicular to the IF plane (completely on the STO side).

To understand the magnetism at the 2DEG in this system, we have performed

spin polarized calculations. In the case of LAO/STO, it is found that magnetism

critically depends on the thickness of STO layers and the magnetic moment becomes

negligible above 9 layers [108]. We find that the spin majority and spin minority DOSs

of our system is almost identical and has a negligible magnetic moment of 0.007 µB

at the Ti sites.

The study of the hole doped IF is equally important because it behaves differently
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from the n-type IF. In the present case, the p-type develops a metallic state (before, as

well as after, the structure relaxation), which resembles to the p-type IF for LAO/STO

HS [63] without O vacancies. The projected DOS shown in Fig. 3.11 clearly indicates

that the O 2p orbitals from Sr and Ga sites are crossing the EF , while Ti 3d states,

which are just below the SrO side are empty. While, the experimental data is not

available for this p-type IF, we note that our results are consistent with other p-type

IF of similar type of the system such as LAO/STO. The 2DHG span over a small

region of 7.2 Å (about half on the STO and half on the LGO side). The Ti 3d and

O 2p states are responsible for the formation of 2DEG and 2DHG in n and p-type

IFs, respectively. From the DOSs, the calculated number of Ti 3d electrons amount

to 0.15 and the corresponding electron density is 10.4·1013 cm−2 at the n-type IF.

Similarly, at the p-type IF the O 2p holes are 0.10 in the SrO and 0.13 in the GaO2

layers with the corresponding hole densities are 6.3·1013 cm−2 and 9.5·1013 cm−2.

3.3.1 Thermodynamic Stability at LaGaO3/SrTiO3 Interface

The formation of a 2DEG between the band insulators has long been debated. It

has been proposed that several physical phenomenon such as polar discontinuity [64],

inter diffusion of cations [65, 61, 106], oxygen vacancies [66, 63], and structural re-

laxation [50] help to explain the IF conductivity. Of fundamental interest is also the

thermodynamic stability of the IF due to the possibility of atomic intermixing in

the IF region. Experimentally, a cation intermixing of La and Sr at LAO/STO IF

has been observed with a considerable lattice deformation [65]. Moreover, a large

polarization is predicted near the IF, which can be stabilized by atomic intermixing.

A detail analysis of different configurations of cation intermixing at the n-type

LaAlO3/STO IF was done [109]. The most energetically stable configuration is ob-

tained when the IF dipole is canceled by the cation intermixing. Only little attention
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Figure 3.12: Structural configurations of the n-type LGO/STO IF: (a) ideal, (b)
Ti⇔Ga exchange, (c) Sr⇔La exchange, and (d) SrTi⇔LaGa exchange directly at
the IF.

has been paid to the cation intermixing from the theoretical point of view because of

the heavy calculation effect coming along with the large supercells required for such

investigation. However it has been found that intersite cation La/Sr disorder at the

n-type LaTiO3/STO IF is energetically favorable as compared to an abrupt IF, while

the electronic properties of the system remain almost the same [110]. Also, it has been

observed that the dipole energy at the (LaO)+/(TiO2)
0 n-type IF increases when a

charge is transferred from the LaO layer to the adjacent unit cells of STO [64]. This

energy can be reduced by intermixing of the Sr and La cations at the IF by produc-

ing an electric field which compensates the IF dipole. Moreover, metallicity has been

found at the DyScO3/STO IF [111] and predicted that the system becomes insulator

with DySr and ScTi exchanges [112].

We study the intersite cation Ti⇔Ga, Sr⇔La, and SrTi⇔LaGa mixing at the

n-type (LaO)+/(TiO2)
0 IF LGO and STO. Formation of a two dimensional electron

gas at the n-type IF between LGO and STO has been reported experimentally and
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the effect of oxygen vacancies on the conduction has been discussed for very low pres-

sure [103, 104, 105]. A minor Ti diffusion into the LGO has been observed, while

Ga diffusion into the STO could not be confirmed. Also La⇔Sr intermixing is ob-

served at the n-type LGO/STO IF. Metallic states appear for both the p and n-type

LGO/STO, where the metallicity is enhanced for the n-type IF by the O vacancies,

while the p-type IF turns gradually from a hole doped into an electron doped state

for strong O deficiency [?].

The lattice mismatch between the component materials is small and the structural

relaxation at the IF therefore does not play a central role. We use an average lattice

constant of 3.884 Å for both the LGO and STO sides of the IF in a 2 × 2 × 10

supercell, which contains 4 unit cells of LGO and 6 unit cells of STO. Experimentally,

it is observed that the roughness of the IF (i.e, the depth of the intermixing of

Sr/La, Ti/Al, and Ti/V) is approximately 2 unit cells for the n-type LAO/STO and

LaVO3/STO IF [64, 65, 113, 114]. A recent work indicated for LAO/STO a significant

cation intermixing into a deeper region of the LAO [109]. Therefore, we considered

4 unit cells of LGO. Note that the maximum diffusion of La into STO appears in a

depth of ∼ 0.6 nm (∼ 1.5 unit cells) [104].

The energies required or gained by the ion exchange are calculated as ∆E =

Eperfect − Emixed, where Eperfect is the energy of the ideal IF and Emixed is obtained

from the supercell energy after exchanging the cations. A positive value of ∆E cor-

responds to a stable state with intermixed cations. It is found that the stability

(energy gain) depends on the position of the impurity atoms. Schematic representa-

tions of the ideal structure and the different configurations with cation intermixing

are shown in Fig. 3.12. In each calculation 25% of the atoms in the layers affected by

intermixing are exchanged. Fig. 3.12(a), represents the ideal situation where as the

Ti⇔Ga, Sr⇔La, and SrTi⇔LaGa intermixing directed only at the IF are shown in
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Figure 3.13: Calculated total energy difference induced by the cation intermixing:
(a) Exchange of the IF Ti atom with a Ga atom in the n-th LGO unit cell and (b)
exchange of the IF Ga atom with a Ti atom in the n-th STO unit cell. By n = 0 we
denote the ideal unit cell.

Figs. 3.12(b), (c), and (d), respectively. The lattice relaxation becomes very impor-

tant for the disordered systems [110], which makes a full relaxation of all supercells

necessary.

In order to calculate the exchange energies we first exchange a IF Ti atom with

Ga in the 1st, 2nd, 3rd, or 4th LGO unit cell and then replace a IF Ga atom with

Ti in the 1st, 2nd, 3rd, or 4th STO unit cell. The same exchange scheme is applied

for Sr⇔La and SrTi⇔LaGa intermixing. The calculated values of ∆E for Ti⇔Ga

intermixing are summarized in Fig. 3.13, which clearly indicates that when the IF Ti

atom is exchanged with Ga in the 1st unit cell of LGO, the system becomes more

stable by 0.48 eV. Similarly, the energy gains from the cation exchanges are 1.11

eV, 2.36 eV, and 3.85 eV, when Ti is exchanged with Ga in the 2nd, 3rd, and 4th

LGO unit cell, respectively. The most stable system is obtained when intermixing

occurs away from the IF (in the 4th unit cell of LGO). A similar pattern of the energy

gain has been obtained for LAO/STO [115]. However, from Fig. 3.13(b), we see that

when the Ga atom next to the IF is exchanged with Ti in the 2nd, 3rd, and 4th unit

cell of STO the system becomes destabilized with energy losses of −0.64 eV, −1.39
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Figure 3.14: Calculated total energy difference induced by the cation intermixing:
(a) Exchange of the IF Sr atom with a La atom in the n-th LGO unit cell and (b)
exchange of the IF La atom with a Sr atom in the n-th STO unit cell. By n = 0 we
denote the ideal unit cell.

eV, and −2.12 eV, respectively. The results clearly indicate that Ti diffusion into

LGO is possible but not Ga diffusion into STO, in agreement with the experimental

situation [103].

Figure 3.14 gives the energy differences for Sr⇔La intermixing. The exchange of

Sr (next to the IF) with the La in the 1st unit cell of LGO leads to an energy gain

of 0.15 eV, see Fig. 3.14(a). A similar stability is found for La/Sr disorder at the

n-type IFs of LaTiO/STO and LAO/STO [110, 116]. However, for further diffusion

of Sr into LGO, the energy of the ideal system is lower than that of the intermixing.

The energies required to stabilize the systems are −1.45 eV, −2.32 eV, and −2.83

eV, for exchange of the La atom in the 2nd, 3rd, and 4th LGO unit cell with Sr.

Moreover, diffusion of the IF La atom into the 1st, 2nd, 3rd, and 4th STO unit cell

leads to energy gains of 0.15 eV, 0.29 eV, 0.55 eV, and 0.99 eV, respectively (Fig.

3.14(b)). This type of intermixing induces an electric field which compensates the

IF dipole and thus reduces the energy of the system [73]. The energy gain for this

configuration is less than for Ti⇔Ga intermixing, but the system is still stable. The

most stable state is obtained when La is replaced with Sr in the 4th STO unit cell
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Figure 3.15: Calculated total energy difference induced by the cation intermixing: (a)
Exchange of the IF SrTi atoms with a LaGa atoms in the n-th LGO unit cell and (b)
exchange of the IF LaGa atoms with a SrTi atom in the n-th STO unit cell. By n =
0 we denote the ideal unit cell.

analogous to the TiGa intermixing. Again, our results agree with the experiment: La

diffusion into STO is possible while Sr diffusion into LGO is not [104].

The calculated energy gain for the coupled cation mixing, i.e., when SrTi is re-

placed with LaGa and LaGa is replaced with SrTi, is addressed in Figs. 3.15(a) and

(b). We obtain an energy gain for both types of intermixing. The most stable state is

found when the cation exchanges occur away from the IF in both cases, as previously

found for the La⇔Sr and Ti⇔Ga intermixing. The energy difference between the

ideal IF and exchange with the 1st unit cell is very large compared to the case of

single atom exchange. On the other hand, the difference in energy gain is very small

when the IF SrTi is replace with LaGa deeper in the LGO unit cells and when the

IF LaGa is replaced with SrTi deeper in the STO unit cells.

Calculated Ti 3d DOSs for different IF configurations are shown in Fig. 3.16

to address the influence of cation intermixing on the electronic structure. Figures

3.16(a) and (b) give results for the ideal IF and for Ti⇔Ga intermixing within the

1st unit cells of the parent compounds on both sides of the IF, respectively. Clearly,

Ti⇔Ga intermixing has a significant effect on the IF conductivity. For the ideal IF
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Figure 3.16: Calculated Ti 3d partial DOS of IF Ti atoms: (a) ideal, (b) La⇔Ga, (c)
Sr⇔La and (c) SrTi⇔LaGa exchange directly at the IF.

the Ti states reach to much lower energy than for the intermixed IF, for which the

occupation is strongly reduced. The DOS obtained for Sr⇔La intermixing reveals

almost the same features as the ideal IF, compare Fig. 3.16(c) to Fig. 3.16(a). The

trend of Fig. 3.16(b), on the other hand, is also seen in Fig. 3.16(d), which deals

with SrTi⇔LaGa intermixing. The occupation of the Ti 3d orbitals is mainly affected

when an exchange of Ti and Ga atoms is involved in the intermixing.

Orbitally resolved Ti 3d DOSs for the four configurations from Fig. 3.16 are de-

picted in Fig. 3.17. In general, the crystal field due to the octahedral coordination

by O atoms splits the Ti 3d states into high energy eg (d3z2−r2 and dx2−y2) and low

energy t2g (dxy, dxz, and dyz) states. Note that the O octahedron is distorted at the

IF and the crystal field therefore is not perfectly octahedral. In case of the clean IF,
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Figure 3.17: Orbitally resolved partial Ti 3d DOS projected on the IF Ti atom next
the site where the atom has been exchanged: (a) ideal IF, (b) Ti⇔Ga, (b) Sr⇔La,
and (c) SrTi⇔LaGa exchange directly at the IF.

see Fig. 3.17(a), mainly the dxy orbital (which is oriented parallel to the interface) is

occupied and therefore carries the two-dimensional electron gas. The remaining t2g

orbitals (dxz and dyz) are degenerate and occupy the energy range from EF up to

2.2 eV. The eg orbitals (d3z2−r2 and dx2−y2) stay far above EF and therefore play no

role for the IF metallicity. Very similar shapes of the DOSs are obtained for Sr⇔La

intermixing, see Fig. 3.17(c). In particular, the degeneracy of the dxz and dyz states is

maintained. The orbital occupations and contributions at EF are almost the same as

found for the ideal IF. We note that the small differences seen in figures Fig. 3.17(a)

and 3.17(c) are due to a slightly modified interaction between Ti and La as compared

to that between Ti and Sr. While the effects of Sr⇔La intermixing are weak, the

shape of the dxy DOS changes significantly in the case of Ti⇔Ga and SrTi⇔LaGa
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intermixing, see Figs. 3.17(b) and 3.17(d), respectively. In both cases, the band width

of the dxy states is significantly reduced from about 2.8 eV to 2.0 eV. The smaller

band width comes along with a remarkable depopulation of the dxy states and thus

with a suppression of the two-dimensional electron gas. We note that the degeneracy

of the dxz and dyz states is lifted, although the DOSs still are closely related to each

other. This indicates a more serious structural relaxation.

For further analysis, we calculate the occupations of the dxy orbital in the different

configurations. For the ideal IF we obtain 0.156 electrons, while for Ti⇔Ga, Sr⇔La,

and SrTi⇔LaGa intermixing, the occupations are modified to values of 0.057, 0.150,

and 0.064 electrons, respectively. The occupation therefore is rather similar for the

ideal IF and for La⇔Sr intermixing. On the contrary, Ti⇔Ga intermixing reduces

the occupation of the conduction states strongly. The fact that all effects are weaker

for SrTi⇔LaGa intermixing than for pure Ti⇔Ga intermixing shows that also the

Sr/La ions play a role, but not the dominating. Let us now turn to the question

why the exchange of Ti and Ga atoms has the observed effect on the electronic

structure. We focus on the first TiO2 layer directly at the IF. As Ti-O-Ti bonding

is replaced by Ti-O-Ga bonding, differences in the electronegativity between Ti and

Ga are expected to affect the Ti-O bonds. A Ga atom contributes less charge to the

covalent Ga-O bond due to its high electronegativity of 1.81, as compared to the Ti

electronegativity of 1.54. As a consequence, the orbital overlap between Ga and O is

reduced and delocalized states within the modified TiO2 layer become energetically

less favorable (the band width of the dxy states decreases). In addition, by the more

ionic nature of the Ga-O bonds, the interaction of the involved O atoms with adjacent

Ti atoms will also be reduced. Therefore, a rather small amount of Ga impurities in

the TiO2 layer can strongly counteract the creation of the two-dimensional electron

gas.



62

To conclude, both the n and p-type IFs show the metallicity. Very small local

magnetic moment is found at the IF atoms. The analysis of the projected partial

and l-resolved DOSs indicates that the metallic IF states trace back mainly from Ti

3d for n-type and O 2p states for p-type IF. A significant values of charge carrier

densities are observed for both type of IFs. Furthermore, a two dimensional electron

gas is also found for IFs with Ti⇔Ga, La⇔Sr, and SrTi⇔LaGa cation intermixing.

All three types of intermixing can result in an energy gain and therefore in thermody-

namic stability. The energy gain or loss due to the cation exchange depends strongly

on the distance of the exchanged ions to the IF. Comparison of the IF electronic

structures of the different configurations results in an unexpected behavior. While

La⇔Sr intermixing has minor effects on the electronic states, Ti⇔Ga intermixing

(also in the form of combined SrTi⇔LaGa intermixing) strongly reduces the charge

carrier density of the two-dimensional electron gas. For a 25% impurity concentra-

tion we find a reduction to about one third. The effect is explained by an enhanced

ionic character of the metal-O bonds in the modified TiO2 layer which counteracts

delocalized metallic states. Intermixing of the B site cations therefore suppresses the

two-dimensional electron gas as long as their electronegativities are different. On

the other hand, intermixing of the A site cations is not critical because they are not

directly involved in the bonding within the TiO2 layers. The calculated high values

of the charge carrier densities for all the above considered systems are given below in

Table 3.1, for comparison.
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Table 3.1: The calculated charge carrier densities for polar hetero-interfaces. All
densities are in the unit of cm−2

Systems p-type n-type
KTO/STO 7.5× 1013 6.2× 1013

NTO/STO 13.6 × 1013 7.0× 1013

ATO/STO 10.7 × 1013 6.5× 1013

ANO/STO 11.8 × 1013 6.6× 1013

LGO/STO 9.5× 1013 10.4× 1013
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Chapter IV

Non-Polar Perovskite Oxide and

Pyrite Interfaces

The electronic structures of the IFs between non-polar perovskite oxides and between

cubic pyrite compounds are investigated in this chapter.

4.1 Non-Polar Perovskite Oxide Interfaces

4.1.1 CaHfO3/SrTiO3 Interface

Analogous to the other HSs, metallic IFs of perovskite oxides, a IF between non-

polar wide band gap insulators can also show intriguing properties. Recently, an IF

between two wide energy gap insulators CHO (band gap = 3.1 eV) and STO has

been found to display conductivity at the IF and no polar discontinuity is observed

for this IF [117]. While both Ca and Sr and, Ti and Hf are isovalent ions, both the

polar catastrophe model as well as inter-site chemical disorder are least expected to

hold explanation for the conductivity. This metallic nature at the IF therefore hints

at O off-stoichiometry. In this work, we perform a systematic study of the CHO/STO
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IF. The fully optimized structures of CHO/STO are used for the SCF calculations. A

maximum value of the angular momentum of lmax = 12 is taken for the wave function

expansion inside the atomic spheres and a plane-wave cutoff of RmtKmax = 7 with

Gmax = 18 is used.

Both CHO and STO are crystallizes in cubic structures and the calculated energy

gap values for CHO using LDA and GGA are 3.08 eV and 3.10 eV, respectively,

which are in agreement with the previous reports [118] while for STO, LDA and

GGA band gaps are 1.85 eV and 1.89 eV, respectively. Although these estimated

values are consistent with the previous band structure calculations [119], LDA and/or

GGA underestimation of the band gap is a well known problem. Since there is a not

much difference between the LDA and GGA results, therefore we use the GGA only

for IF study. To model the HSs, we use the supercell approach, for which the lattice

constant is taken to be the average value of STO and CHO. For all calculations, the

STO was terminated at the TiO2 layer. First, in order to check whether there exists

any critical thickness of the CHO unit cells to impart conductivity, we carried out

calculations for growing thicknesses of the CHO slab on a STO substrate, which is

12 unit cells thick. Hence, we investigate (CHO)n/(STO)12 multilayer systems. Note

that, for LAO/STO it has been determined that the critical thickness is 4 unit cells

of LAO on the STO slab, which drives in the formation of 2DEG.

Our calculated DOSs for (CHO)n/(STO)m where n = 1, 2, 3, 4, and m = 12,

supercell structures shown in Fig. 4.1, illustrate the insulating behavior with consid-

erable band gaps of 1.85 eV before and after the relaxation, which is inconsistent with

the experiment [117]. The same result is obtained for n = 5 and 6 (not shown here)

and confirmed for other configurations under consideration (band gap between 1.83

eV and 1.85 eV). We find no systematic change in the DOSs as a function of n which

would indicate that there exists a critical thickness beyond which the system becomes
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Figure 4.1: Projected DOSs of Ti 3d and O 2p at the IF for (CHO)n/(STO)m: (a) n
= 1, (b) n = 2, (c) n = 3, (d) n = 4, and m = 12 for relaxed structures.

metallic. The electronic states near the EF mainly traces back to the Ti 3d and O

2p states, while the Hf states are located about 11 eV below EF . Hence, the charge

transfer and structural relaxation can not explain the IF metallicity for CHO/STO

system.

In order to met with the experimental findings, a O-vacancy is introduced into

both parent compounds and the HS, because the O- vacancies play an important

role in the oxide IFs as discussed in [63, 64]. Results of O vacancies are described in

Chapter 5.
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Figure 4.2: Projected DOSs of Ti 3d, A and O 2p at the fully relaxed IF for
(ATO)4/(STO)8.

4.1.2 ATO3/STO3 (A = Pb, Ca, Ba) Interfaces

The exchange-correlation potential is parametrized in the GGA for our SCF calcu-

lations for these HSs. For the wave function expansion inside the atomic spheres, a

maximum value of the angular momentum of ℓmax = 12 is employed and a plane-wave

cutoff of RmtKmax = 7 with Gmax = 24 is used. We apply a 14× 14× 1 k-space grid

which contains 36 points within the irreducible wedge of the Brillouin zone. The

bulk electronic structures of the perovskites STO and ATO (A = Pb, Ca, Ba) are

well known [11, 27, 120, 121]. In general, the band gap of ATO is dominated by the

energetic locations of the Ti 3d states, i.e., the electronegativity of Ti. Experimental

values of the band gap are 3.4 eV for CTO, 3.5 eV for CTO, 3.2 eV for BTO, and

3.2 eV for STO [19, 20, 122, 123, 45]. This indicates that the band gap is also influ-

enced by the A ions. Our calculated GGA band gaps for bulk STO, PTO, CTO, and

BTO are 1.81 eV, 1.75 eV, 1.86 eV, and 1.81 eV, respectively. We model ATO/STO

HSs by means of the supercell approach, using the average value of the experimental

lattice constant of ATO and STO in the ab-plane to lattice-match the IF. For CTO

we employ a tetragonal approximation of the orthorhombic crystal structure. Our

supercell is ∼3 nm long and consists of 4 unit cells of ATO on top of 8 unit cells of

STO along the c-axis. In all calculations, a TiO2 terminated IF is taken into account.
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The calculated DOSs for projections on the Ti, A, and O ions in the TiO2, AO, and

SrO layers at the IFs of (ATO)4/(STO)8 HSs are shown in Fig. 4.2. The results clearly

indicate an insulating IF state with a considerable band gap, amounting to 0.67 eV,

0.98 eV, and 1.79 eV for PTO/STO, CTO/STO, and BTO/STO, respectively. The

charge transfer between the (TiO2)
0 and (AO)0 layers at the IF is strongly limited,

as these layers are charge neutral. In total, there is little electronic reconstruction

observed for all the IFs. The electronic states near the EF mainly trace back to

the Ti 3d and O 2p states with small contributions of the A cations. Thus, neither

a structural relaxation nor IF charge transfer plays an important role in the non-

polar ATO/STO HSs, in contrast to many polar IFs [50]. The 2DEG is obtained

for ATO/STO HSs by introducing the O vacancies at and near the IF region. The

results of O vacancies and formation energies for these systems are discussed in detail

in Chapter 5.

4.2 Pyrite Interfaces

From a practical point of view, most IF studies (experimentally and theoretically)

reported in the literature deal with oxide perovskites [45, 69, 124, 125, 126, 127]. In

this respect, much attention was paid to HM FM materials because of possible appli-

cations in spintronics. Now a days, it is even possible to design electronic structures

with new properties by creating HM IFs. In contrast, for the pyrites few IF studies

have been performed so far, even though pyrite compounds are similarly important

for device applications as oxide perovskites. Therefore, it is particularly fruitful to

study IFs between these compounds. The 3d TM pyrites MS2 (M = Fe, Co, Ni, Cu,

...) have been paid much attention due to a wide range of exceptional electronic and

magnetic properties [72, 128]. These properties are explained by the d electronic states

and their different fillings. The pyrite structures have a cubic symmetry with space



69

group 205 (Pa3̄), in which the metal ions forms a fcc lattice, being coordinated octa-

hedrally by six O anions [129]. In general, the transport properties strongly depend

on the electronic structure of the metal-semiconductor IFs [130].

In this context, we address an IF between a metallic FM CoS2 and a non-magnetic

semiconductor FeS2. This system has been proposed as a possible candidate for a HM

IF, which would be highly desirable from the spintronics application point of view.

To the best of our knowledge, neither a theoretical nor an experimental study has

been performed for this IF yet. After discussing the details of our calculations, we will

address the structural details of component materials CoS2 and FeS2. We will then

move towards the CoS2/FeS2 IF and study the electronic and magnetic properties in

detail. Finally, we will see the effect of spin orbit coupling (SOC) and tensile strain

at the CoS2/FeS2 IF states.

4.2.1 CoS2/FeS2 Interface

The bulk electronic structures of the two pyrites, FeS2 and CoS2, very well studied.

The Co 3d and Fe 3d electronic configurations are t62ge
1
g and t62ge

0
g. Both TM ions are

in low-spin states, S = 1 for FeS2 and S = 0 for CoS2 [74]. FeS2 is a non-magnetic

semiconductor with a small band gap of Eg = 0.9 eV [131]. The crystal structure of

this compound has been reported in Refs. [132, 133]. Due to a high specific energy

density and the low cost of the material it is used in lithium batteries as a positive

electrode [134]. Alternately, CoS2 is an itinerant system, which is metallic and orders

ferromagnetically at a critical temperature of Tc ≈120 K. It has a saturated mag-

netic moment of 0.84 µB per Co atom at 0 K [135, 136, 137]. Electronic structure

calculations for CoS2 predict close proximity to a HM ferromagnet [132, 137]. Exper-

imentally, the compound remains in a high spin state but shows no half-metallicity

up to the Curie temperature in the range of 116 to 120 K. It can be alloyed with
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Figure 4.3: Schematic representation of the fully relaxed CoS2/FeS2 IF. Large and
small spheres represent Fe/Co and S, respectively.

the non-magnetic narrow band gap semiconductor FeS2 to obtain the highly spin

polarized ferromagnet Fe1−xCoxS2, which has a HM ground state [138].

The IF of the two pyrite compounds is modeled by a supercell consisting of 8

layers of FeS2 and 8 layers of CoS2, as shown in Fig. 4.3, where each layer comprises

2 inequivalent Co/Fe atoms. The SCF calculations are performed within the spin

polarized LDA approximation for both bulk compounds as well as for IF study and

a 9× 1× 9 k-space grid which contains 25 points within the irreducible region of the

Brillouin zone is utilized. For the wave function expansion inside the atomic spheres,

a maximum value of lmax = 12 is taken and a plane-wave cutoff of RmtKmax = 6.0

with Gmax = 18 is employed. For the valence states, the basis set consists of Fe 3d6,

Co 3d7, and S 3p4 orbitals. The muffin-tin sphere radii Rmt (in atomic units) are

chosen as 2.0 for both Fe and Co and 1.8 for S. To ensure a good convergence, all

parameters have been checked carefully.

We begin our discussion with the electronic structure of bulk CoS2 and FeS2 by

showing the spin polarized DOSs in the top and bottom panels of the Fig. 4.4. The

results clearly indicate the metallic nature for the bulk CoS2, where the Co 3d states

exhibit the distinct spin splitting. The calculated magnetic moment at the Co atom

is 0.78 µB, which is comparable to the experiment and previously reported band

structure calculations. We also find that the FM ordering is lower in energy than
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Figure 4.4: Partial Co DOS per atom of bulk CoS2 (top) and Partial Fe DOS per
atom of bulk FeS2.

that of the antiferromagnetic ordering. In contrast, no spin splitting is observed for

Fe 3d states and the semiconducting nature of FeS2 clearly reflected.

Turning to the IF, the DOSs projected on Fe/Co layers with different distances to

the CoS2/FeS2 IF is shown in Fig. 4.5, in order to obtain a qualitative description of

the atomic and orbital origin of the electronic states. The states in the energy range

from −1.7 eV to −0.5 eV mainly come from the Fe 3d orbitals with a small S 4p

contribution. However, the most interesting feature is that the first layer next to the

IF, denoted as FeS2(1,2), becomes metallic with a very small Fe magnetic moment

of 0.05 µB. In this respect, the EF shifts slightly toward higher energy at the IF.

The DOS shows that toward the FeS2 bulk the semiconducting nature is recovered.

On the other hand, CoS2 preserves its metallic FM nature. However, at the IF the

Co(1,2) layer almost develops a HM character. In this case, EF shifts slightly toward

lower energy. In the energy range from −2.5 eV to 1.2 eV the DOS is dominated by
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Figure 4.5: Partial DOSs of the CoS2/FeS2 IF, projected on different Fe/Co layers.
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Co 3d states with a small S 4p contribution. Accordingly, the DOSs between −0.5

eV and 0.5 eV mainly belongs to the Co 3d states. The Co moment at the IF is 0.63

µB, i.e. slightly smaller than the bulk value of 0.80 µB.

In order to judge the stability of the FM ordering, we have also studied antiferro-

magnetic ordering at the IF. To this end, we enforced antiparallel ordering between

the first two Co layers directly at the IF, while keeping all other Co spins parallel to

the second Co layer. We find that the FM IF is energetically more favorable than the

antiferromagnetic IF, with an energy difference of 0.07 eV per supercell. To conclude,
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we observed that the FeS2 develops a metallic state in the vicinity of the IF, whereas

the electronic structure of the CoS2 gets close to a HM state. However, our LDA

results clearly indicate a finite number of spin minority DOSs at the EF for Co and

for this reason a HM IF state must be excluded. The charge transfer occurring at the

CoS2/FeS2 IF is simply not strong enough to induce such a state.

4.2.2 Strain Effect at the CoS2/FeS2 Interface

Recently, it is theoretically found that applying strain can substantially affect the

electronic and magnetic properties of the bulk GdN. A transition was found from HM

to semi-metallic state by the volume expansion. Also noted that the applied strain

can be used to control the hole and electron densities as well as the mobilities [139].

Similarly, a significant strain effect has been observed at the CrP/MnP IF. The band

structure calculations for CrP/MnP superlattice indicate a FM metallic state, but

the half-metallicity for this system is achieved when the strain was employed [140].

The spin-orbit coupling (SOC) is also very important in the case of HM materials

as discussed in the literature [141, 142]. Recently, it is found that the bulk CoS2

shows the half-metallicity within the GGA [143] and this can be partially destroyed

by including the SOC [144]. In the following, we are interested in the means to drive

the entire CoS2/FeS2 IF to (or at least close to) a half-metallic state. We will show

that tensile strain has significant influence on the IF states and can be used to achieve

this goal.

Fig. 4.6 shows the GGA+SOC calculated band structure obtained for bulk CoS2

together with the Co spin majority and minority partial DOSs. The values of the

DOSs here and in the following refer to a single atom. The band structure clearly

reflects a metallic nature and the DOSs are indicative of an almost HM state. Magni-

fication of the minority spin channel (see the inset) establishes a non-zero DOS at EF .
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Figure 4.6: Co spin majority and minority DOSs (left panel) and band structure
(right panel) obtained for bulk CoS2. The inset shows the spin minority DOS close
to EF .

From the spin majority and minority DOSs at EF we calculate a spin polarization of

SP = [N↑(EF )−N↓(EF )]/[N↑(EF ) + N↓(EF )] = 95.5%. (IV.1)

The calculated magnetic moment of Co is 0.92 µB and therefore slightly larger than

the experimental value of 0.84 µB.

The partial DOSs for the CoS2/FeS2 IF within the GGA+SOC scheme presented

in Fig. 4.7 are obtained by projections on the Fe and Co IF atoms. From Fig. 4.7(a)

and (b), one can observe that both the Fe and Co atoms are close to a HM state.

However, the minority spin channel (see insets) in each case shows a finite DOS at

EF . Analogous to the above calculation for bulk CoS2, we obtain for the Fe and

Co atoms at the IF spin polarizations of 83.4% and 91.9%, respectively. Due to

the octahedral coordination, the Fe and Co 3d states split into d3z2−r2, dx2−y2 , dxy,

dxz, and dyz symmetry components. In the minority spin channel, mainly the dxy,

dxz, and dyz states are responsible for the metallicity, with small contributions of the
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Figure 4.7: Spin majority and minority DOSs for the CoS2/FeS2 interface, projected
on (a) the Fe and (b) the Co interface atoms. The insets show the spin minority
DOSs close to EF .

other two symmetry components due to minor hybridization. With respect to the

bulk compounds, at the IF EF slightly shifts towards higher and lower energies on

the FeS2 and CoS2 sides, respectively. Our calculation yields magnetic moments of

0.06 µB and 0.69 µB for the Fe and Co IF atoms, respectively. Now, we investigate

in detail how the electronic and magnetic properties change under strain. In this

respect, a tensile strain of 1% to 4% is considered.

The partial DOSs of the IF Co atoms are depicted in Fig. 4.8 for 1%, 2%, 3%, and

4% tensile strain. Figure 4.8 clearly indicates that the contributions of the minority
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Figure 4.8: Spin majority and minority DOSs for the CoS2/FeS2 IF, projected on the
Co interface atoms for (a) 1%, (b) 2%, (c) 3%, and (d) 4% tensile strain. The insets
show the spin minority DOSs close to EF .

spin channel at EF (see insets) decrease when the strain increases. However, they

do not vanish for the strain under consideration, and the band structures also do

not indicate that this would happen for reasonable strain values. Employing once

more Eq. (IV.1) we show in Fig. 4.9 the relationship between the tensile strain and

the spin polarization for both the Fe and Co IF atoms. We find that an enhanced

strain also enhances polarization, but, misses complete polarization. In general, the

spin polarization of the Co IF atoms is higher than that of the Fe atoms. Moreover,

the Fe and Co magnetic moments at the IF increase from 0.06 µB to 0.11 µB and

from 0.69 µB to 0.98 µB, respectively, as the volume expands by 1% to 4%. Even

though no complete spin-polarization has been reached, our calculations show that a

moderate strain (compare the high strain values considered in Ref. [139], for example)

transforms the CoS2/FeS2 IF practically into a half-metallic system. For a tensile
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strain of 4%, for instance, a spin polarization of 99.5% is achieved.

In conclusion, we found the abrupt IFs at the non-polar perovskite oxide HSs

show the insulating states even after the relaxation. The IF between the pyrite CoS2

and FeS2 compounds shows the metallicity. For the IF Fe and Co atoms a signifi-

cant spin polarization is observed which brings the system close to half-metallicity.

Interestingly, it is found that the spin polarization and magnetic moments can be

enhanced by means of moderate tensile strain. Even though a finite spin minority

DOSs remains at EF in each case (and therefore no ideally HM state is reached), a

strained CoS2/FeS2 IF comes very close to this state and consequently is expected to

have substantial impact in spintronics applications.
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Chapter V

Effect of O vacancies at Polar and

Non-Polar Interfaces

The influence of O vacancies has been studied in Refs. [62, 63, 64, 117] and turns

out to be essential for the properties of both polar and non-polar HSs. Creation of O

vacancies in STO transfers two O 2p electrons to the Ti 3d orbitals in order to maintain

charge neutrality and the system becomes metallic. In other words, O vacancies in

STO cause to a decrease in the Ti valence (from Ti4+ to Ti3+) [145]. Therefore, the IF

properties of STO based HSs can be linked to the STO bulk properties. For example,

Park et al. [63] have demonstrated that the introduction of 25% O vacancies into the

SrO layer at the hole doped (p-type) (AlO2)
−/(SrO)0 IF for LAO/STO system leads

to metallicity, while 50% O vacancies yield an insulating state (consistent with a value

of 32% as estimated experimentally) [62, 64]. Similarly, Shibuya et al. [117] found a

metallic IF of CHO/STO and explained that the O-vacancies are only responsible

for the 2DEG because no polar discontinuity is observed for this IF. Therefore, O

vacancies are critical to stability of HSs and play a significant role in contributing to

high sheet conductivities [61, 146].

To analyze the effect of O vacancies at the IFs, a 2 × 2 × 12 supercell is created
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for all the polar and non-polar HSs, consisting of 4 layers of KTO, NTO, ANO,

ATO, LGO, CHO, PTO, BTO, CTO and 8 layers of STO. For all calculations under

consideration, a maximum value of the angular momentum of lmax = 12 is taken for

the wave function expansion inside the atomic spheres and a plane-wave cutoff of

RmtKmax = 6 with Gmax = 24 is used. Self-consistency is attained when total energy

convergence is less than 10−3 Ry.

5.1 Polar Interfaces

5.1.1 KTaO3/SrTiO3 and NaTaO3/SrTiO3 Interfaces

The effect of O vacancies is analyzed by reducing the O content by 25% and 50% by

removing one and two O atoms, respectively, from either the TiO2 layer (for p-type

IF) or the SrO layer (for n-type IF) for both KTaO3/SrTiO3 and NaTaO3/SrTiO3

systems. The results for the O deficient n and p-type IFs for both systems are shown

in Fig. 5.1 and Fig. 5.2, respectively. We met again with a metallic state for the

n-type IFs and along with this the Ti 3d states shift considerably towards the lower

energy, see Figs. 5.1(a) and 5.2(a). In this case, the occupations of the Ti 3d orbitals

for n-type IFs increase as additional electrons are set free when the O vacancies are

introduced near the IF region. The p-type (Figs. 5.1(b/c) and 5.2(b/c)) IFs show the

insulating state for 25% O deficiency and turn toward the n-type IF when O vacancies

grows.



80

-3 -2 -1 0 1 2 3
E-E

F
 (eV)

0

1

2

3

4

5

6

D
O

S 
(s

ta
te

s/
eV

)
Ti 3d (25% O def.)
Ti 3d (50% O def.)

(a)

-3 -2 -1 0 1 2 3
E-E

F
 (eV)

0

1

2

3

4

5

6
Ti 3d
O 2p (SrO)
O 2p (TaO

2
)

(b)

-3 -2 -1 0 1 2 3
E-E

F
 (eV)

0

1

2

3

4

5

6
Ti 3d
O 2p (SrO)
O 2p (TaO

2
)

(c)

Figure 5.1: Projected DOSs of Ti 3d and O 2p at the IF of KTO/STO: for (a) n-type
and (b)/(c) p-type IFs with 25% and 50% O vacancies.
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Figure 5.2: Projected DOSs of Ti 3d and O 2p at the IF of NTO/STO: for (a) n-type
and (b)/(c) p-type IFs with 25% and 50% O vacancies.

5.1.2 AgNbO3/SrTiO3 and AgTaO3/SrTiO3 Interfaces

The projected DOSs for ANO/STO and ATO/STO are shown in Fig. 5.3 and Fig. 5.4,

respectively. The trend of the DOSs is the same as discussed above for KTO(NTO)/STO

HSs. For the n-type IF, Ti 3d states are mainly responsible for the metallicity. The

occupation of the T 3d states near the IF region enhanced with the increase of O

vacancies, see Fig. 5.3(a). The extra electrons due to O vacancies are only captured

by Ti IF atoms. On the other hand, the p-type IF is Ti 3d states are at the edge of

metallicity for 25% O vacancies and partially occupied for the 50%, see Figs. 5.3(b)

and (c), respectively. The O 2p states from the IF SrO and NbO2 layers are not

contributing to the metallicity. Same is applied for the n-type IF.
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Figure 5.3: Projected DOSs of Ti 3d and O 2p at the IF of ANO/STO: for (a) n-type
and (b)/(c) p-type IFs with 25% and 50% O vacancies.
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Figure 5.4: Projected DOSs of Ti 3d and O 2p at the IF of ATO/STO: for (a) n-type
and (b)/(c) p-type IFs with 25% and 50% O vacancies.

5.1.3 LaGaO3/SrTiO3 Interface

The results for the O deficient IFs for LGO/STO HS are shown in Fig. 5.5. We

again obtain metallicity for both n and p-type IFs. For the n-type IF as shown in

Fig. 5.5(a), the Ti 3d states shifted considerably to lower energy. The occupation of

these states thus increases, which is consistent with the fact that O vacancies enhance

metallicity by providing extra electrons to the delocalized Ti 3d orbitals. The sharp

DOS peaks near EF are further enhanced when the O content is reduced, compare

Fig. 5.5(a), which implies that the system destabilizes. Therefore, we suggest that

the LGO/STO IF does not attract O vacancies(discussion Ref. 20).

The above vacancy concentrations are consistent with a value of 32%, as estimated

experimentally, for LAO/STO system. However, for the LGO/STO IF, we do not

obtain a finite band gap, even for the high vacancy concentration of 50%. The

calculated DOSs for the p-type IF (25% and 50% O deficiency) are displayed in
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Figure 5.5: Projected DOSs of Ti 3d and O 2p at the IF of LGO/STO: for (a) n-type
and (b)/(c) p-type IFs with 25% and 50% O vacancies.

Figs. 5.5(b) and (c). Figure 5.5(b) demonstrates that the IF with 25% O deficiency

is metallic. Although we observe a considerable shift to lower energy, the Ti 3d

states remain empty. Figure 5.5(c) addresses the case of 50% O deficiency, indicating

occupation of the Ti 3d states. Consequently, the metallicity of the pure and 25%

O deficient LGO/STO IFs is carried by the O 2p states, while the Ti 3d states are

responsible in the case of 50% O deficiency. The different nature of the metallic

states calls for an experimental investigation of the p-type IF as a function of the O

deficiency.

5.2 Non-Polar Interfaces

In chapter 4 we found that the abrupt IFs at the non-polar perovskite HSs show an

insulating behavior before and after the relaxation. Because the cations on both sides

of the IF have an isovalent nature, both the polar catastrophe model and the inter-site

chemical disorder are least expected to hold explanation for the conductivity at these

HSs. Thus the metallic nature at the IF for non-polar HSs hints at O off-stoichiometry.

5.2.1 CaHfO3/SrTiO3 Interface

Our calculated results for the clean TiO2/CaO IF indicate an insulating state (before

and after the relaxation), which is in contrast with the experiment [117] (as discussed
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in Chapter 4). To explain the experimental finding, we next introduce the O vacancies

in the IF TiO2 layer. The metallicity is established by introducing the O vacancies

at the IF on the STO side (both with and without structural relaxation). In Fig. 5.6,

the DOS projected on the Ti 3d and O 2p states is shown for the relaxed CHO/STO

IF, clearly indicating a metallic nature. Therefore, O vacancies on their own can

explain the experimentally observed metallicity. Since O deficient bulk CHO stays

insulating, it is not surprising that the introduction of O vacancy does not result in

metallic states on the CHO side of the IF.
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Figure 5.6: Projected DOSs of Ti 3d and O 2p at the IF of CHO/STO: for (a) 25%
and (b) 50% O vacancies in the IF TiO2 layer.

Figure 5.6(a) implies that the metallic states are related to the Ti 3d orbitals,

which become partially occupied. We conclude that the charge provided by the O

vacancy is transferred to the localized Ti 3d states. As a consequence, the Ti 3d

states shift to lower energy, crossing EF and leaving the IF metallic. The spatial

extension of the metallicity perpendicular to the IF is small as the metallic states

are strongly suppressed with the distance to the IF. The fourth TiO2 layer is found

to be fully insulating. Moreover, we observe that the metallicity is enhanced when

a second O vacancy is added to the CHO/STO IF, see Fig. 5.6(b). Compared to

Fig. 5.6(a), the chemical potential is shifted significantly toward higher energy, which

further increases the occupation of the Ti 3d orbitals rigid band shift. We, therefore,
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conclude that the metallicity of the IF is the result of O defects and can be controlled

by the O partial pressure. If the vacancy is not located at the IF but one atomic layer

further away (on the STO side), the IF is still metallic but the number of occupied

Ti 3d conduction states is reduced significantly to about 10%.

5.2.2 ATiO3/SrTiO3 (A = Pb, Ca, Ba) Interfaces

Figure 4.2 in Chapter 4 shows calculated partial DOSs for projections on the Ti,

A, and O ions in the TiO2, AO, and SrO layers at the IFs of (ATO)4/(STO)8 HSs.

The results clearly indicate an insulating IF state with considerable band gaps for

PTO/STO, CTO/STO, and BTO/STO HSs. The effect of O vacancies at and near

the IF layers is taken into account. First, the O content is reduced by 25% in the

TiO2 layer right at the IF on the STO side. Fig. 5.7 shows the corresponding DOS
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Figure 5.7: Projected Ti and A cations DOSs at the IF for the (STO)8/(ATO)4 HS
for 25% O deficiency in the IF TiO2 layer: (a) for STO/PTO, (b) for STO/CTO, and
(c) for STO/BTO.

projected on the Ti and Pb/Ca/Ba cations, indicating that metallicity is induced

in all HSs. As mainly the Ti 3d states are responsible for the metallic state, we

conclude that the charge provided by the O vacancies is transferred and occupies the

Ti 3d orbitals. Therefore, the Ti 3d states shift substantially to lower energy, cross

EF , and leave the IF metallic. In the case of the PTO/STO HS the Pb 6p states

likewise cross EF and contribute to the metallicity. This is probably due to the high

electronegativity of Pb, i.e., a higher tendency to attract electrons as compared to
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Ca and Ba. As a result, the charge resides in both the Ti 3d and Pb 6p orbitals. For

O vacancies one layer above (AO layer) and below (SrO layer) the IF we find similar

trends in the DOS (not shown here) as observed for O vacancies in the TiO2 layers.

This applies to all systems under consideration.

The formation of O vacancies in perovskite oxides depends on many factors, such

as the stability of the crystal lattice, relative bond strengths, and the electronegativ-

ities of the A and B site cations. Yuan and Uedono [147] have measured O vacancy

formation energies for STO, SrRuO3, DyScO3, and BiFeO3, and found that O va-

cancies are favorable for highly electronegative B site cations. Very recently, Hu et

al. [148] have observed in experiments a monotonous increase of the O vacancy for-

mation energy for a growing electronegativity of the A site cation. This observation

has not yet been understood theoretically, prohibiting a comprehensive explanation

of the influence of electronegativity. Various experimental and theoretical investiga-

tions have addressed the IF structure, ferroelectricity, electric polarization, and other

electronic properties of ATiO3/STO (A=Pb,Ca,Ba) HSs. The structure and ferro-

electricity at the IF between PTO and STO have been studied by first principles

methods in Refs. [149, 150]. It has been found that there is a strong interaction be-

tween the Pb and O atoms as well as between the Ti and O atoms. At the IF between

BTO and STO, strain enhances the switchable polarization and Curie temperature

[151, 152, 153, 154]. The structural phase diagram of a HS between CTO and STO

has been reported by Ball et al. [155].

Since O vacancies can dominate the electronic state and transport properties of

IFs, it is important to understand their interplay with the electronegativities of the

surrounding atoms to achieve optimal properties of the HSs. Most literature deals

with ferroelectricity and polarization, while the role of the electronegativity of the

A site cations for the O vacancy formation energies and electronic IF states has not
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been addressed so far. We establish this essential knowledge for non-polar ATO/STO

HSs without and with O vacancies in the AO, SrO, and TiO2 layers at and near the

IF.
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Figure 5.8: Calculated formation energies of charged O vacancies in different layers of
the ATO/STO HSs. The formation energies for neutral vacancies are always higher.
The dependence of the results on the electronegativity (Pb: 2.33, Ca: 1.00, Ba: 0.89)
and effective volume (Pb: 18.2 cm3/mole, Ca: 29.9 cm3/mole, Ba: 39.2 cm3/mole) is
evident.

The O vacancy formation energy is determined as:

Ω = (EV AC −ESC)− 1/2 · µO2
+ q · µe (V.1)

Here, EV AC and ESC denote the total energies of the optimized supercells with and

without O vacancy, µO2
is the chemical potential of an O2 molecule in the vacuum

(which we obtain using the same cell size and calculation method as applied to the

other supercells), and µe denotes the chemical potential of the electrons. A positive
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value of Ω indicates that energy is required to create the O vacancy. A summary of

the calculated formation energies for O vacancies in the AO, SrO, and TiO2 layers at

the IF is shown in Fig. 5.8. A monotonous increase of Ω is found for both increasing

electronegativity and decreasing effective atomic volume of the A ion (van der Waals

volume), which is due to the fact that the highly electronegative elements have a

stronger tendency to attract electrons. This trend is in agreement with the theoretical

result that the O vacancy formation energy in the bulk decreases along the series CTO,

STO, and BTO [156].

The higher the electronegativity of an ion A, the stronger is its bonding with

neighbouring O atoms. Thus, the creation of vacancies demands more energy when

the electronegativity increases, which explains why PTO has the highest O vacancy

formation energy, followed by CTO, STO, and BTO. It is evident that the calculated

value of Ω is higher for PTO/STO as compared to the other two HSs for O vacancies

in all layers close to the IF. Thus, the electronegativity of the A ion plays a key

role for the formation of O vacancies. Beyond, Ω increases when O vacancies are

induced in different layers along the series AO, SrO, and TiO2, due to the different

electronegativities of the A, Sr, and Ti ions.

Commonly, metal atoms with a high electronegativity (>2) form covalent bonds

with the neighboring O atoms and therefore are compatible with various valence

states. Since the Pb ion (electronegativity 2.33) can form more valence states than

Ca and Ba, the electrons set free at the O vacancies can easily be transferred into the

Pb 6p orbitals, which become partially occupied. This is confirmed by the calculated

DOS shown in Fig. 5.7(a). The Pb and Ti DOSs are closely related to each other

in the vicinity of EF , in contrast to the other two cases. Among all A ions under

investigation, only Pb contributes to the metallic states. Remarkably, despite different

electronegativities the principal electronic properties of the IFs are very similar, if not
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identical.

The effective volume of the A ion is also linked to Ω, where Pb has the smallest

volume followed by Ca, Sr, and Ba. Consequently, there is more space to occupy

in the PbO layers, as compared to other AO layers, which leads to the highest O

vacancy formation energy in the case of the PTO/STO IF. Since accommodation

of O atoms is rather difficult in BTO, Ω is minimal in this case. Analysis of our

optimized atomic structures shows that next to the IF the O-Ti-O bond angle in the

Pb system is 175.1◦, while in the Ca and Ba systems the corresponding angles are

175.2◦ and 177.8◦, respectively. Consequently, there is a significant distortion of the

TiO2 planes in the PTO/STO HS, much more prominent than in the other two cases.

The Pb ion has a reactive unpaired electron which results in structural off-centering.

This shift breaks the symmetry and distorts the adjacent TiO2 planes.

In conclusion, O vacancies have a significant effect on the electronic properties of

both polar and non-polar HSs. In the case of polar HSs, the O vacancies enhances the

metallicity for n-type IFs, while a strong O deficiency up to 50%, the p-type IF can

even be driven into an electron doped state by populating the Ti 3d orbitals. For the

non-polar HSs, we find that only the O vacancies are responsible for the metallic IF

states, as experimentally observed. Furthermore, we find that electronegativity and

atomic volume control the formation of O vacancies in the studied HSs, whereas the

other electronic properties stay virtually unchanged. For this reason, substitution of

the A ions can be used for tailoring the distribution of the O vacancies in non-polar

ATO/STO HSs without changing the electronic behavior. It is expected that the

same applies to other perovskite HSs.
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Chapter VI

Discussion

Varying behavior of different types of IFs (discussed in previous chapters) suggest that

IF properties and underlying physics are complex and intriguing. Resulting 2DEG

and 2DHG properties depend strongly on the thin film and partially on the substrate

thicknesses and play host to an incredible variety of physical phenomena. In light

of the results of this thesis this chapter is aimed at discussing how (i) charge carrier

densities can be enhanced and (ii) confinement of quantum gases can be increased at

the artificially tailored perovskite HSs. Later we will also discuss how half metallicity

can be introduced in the pyrite IFs.

6.1 Charge Carrier Density Enhancement

6.1.1 Lattice Strain Effects

The lattice strain has a prominent impact on the physical properties of the polar

IFs. Importantly, our results demonstrate that an increasing lattice strain, due to

mismatch between the component materials, suppresses the occupation of the spin

majority Ti 3d states (hence, the charge carrier density) and therefore the spin po-
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Figure 6.1: Charge carrier density of the IF Ti 3d states as function of the lattice
mismatch.

larization. The charge carrier density is plotted against the lattice mismatch between

the component materials in Fig. 6.1. A significant interdependence is evident. The

larger the lattice mismatch, the smaller the charge carrier density. A similar behavior

also manifests itself under other forms of strain, for example, tensile strain destroys

the 2DEG in LaAlO3/STO. Moreover, it is found that carrier densities saturate al-

most to a constant value of ∼ 104 when the lattice mismatch between the component

materials is below 2% and buckling of the IF is negligible. Therefore, our calculations

argue that the combined effect of strong electronic correlations and large octahedral

distortions, due to IF strain, control the carrier density and mobility of the 2DEG.

Thus, carrier density is inversely proportional to lattice strain. A better substrate-film

lattice matching would thus lead to enhanced carrier density and effective mobility.
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6.1.2 Oxygen Vacancy Effects

Depending on growth conditions, O defects play a crucial role in determining trans-

port properties. We find (see chapter 5) that the 2DEG between two non-polar

perovskite oxides strictly depends on the O vacancies. The O vacancies provide extra

electrons to the systems which reside at Ti sites. Therefore, we attribute IF metallic-

ity for the non-polar HSs to the additional charge carriers available for occupying the

Ti 3d orbitals, which are set free at the O vacancy sites. Furthermore, we find that

with increased concentration of O vacancies, the carrier density of the n-doped IFs

increases. This effect is prominently strong so as to drive even hole doped IFs into

electron doped ones. Consequently, the IFs between non-polar perovskites have po-

tential in applications of 2DEGs in nanoelectronic oxide devices, as it will be easier to

tailor the properties of the electron gas. However, while the O vacancy concentration

can be reliably controlled during the growth process, a device application additionally

requires strict control of the pressure and oxygen environment.

6.2 Charge Confinement at Perovskite Oxide IFs

Confinement of the quantum gases is one of the critical issues. The currently avail-

able thickness of the two dimensional gases is typically around 1 to 2 nm. With these

thicknesses, gases still extended considerably in the third dimension which compro-

mises the size of quantum effects. The thinner the gas, the stronger its quantum

nature. Even in the case of a strong spin-orbit coupling, the spin-Hall effect will

vanish when the 2DEG is extended beyond a certain limit in the third dimension.

Our results indicate (see chapter 3) that the introduction of highly electronegative

cations (such as Ag) and IFs with strongly correlated systems confine quantum gases

significantly. Our polar systems exhibit substantially strong confinement of gases
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(∼0.5 nm) with a considerable charge carrier density because, in these cases, the

metal−O bonding is more covalent in the case of low electronegativity cations and,

consequently, a suppression of the long range charge transfer results. However, the low

mobility of these carriers demonstrates the need for improved materials for nanoscale

oxide device applications.

There are drawbacks which put some restrictions on the Ag based systems in

their applicability. For example, Ag is an expensive metal which has prevented it

from being widely used in device applications. Another is its high diffusivity, which

can strongly limit the device performance. However, usage of Ag (and similar metals)

in electronic devices is becoming more common. Therefore, it is worth attempting to

fabricate Ag based IFs as proposed in our systems.

Furthermore, we found that the O vacancy formation energies depend strictly on

the electronegativity and the effective volume of the cations, while the main character-

istics of the IF electronic states are still maintained. The higher the electronegativity

of the cation, the stronger is its bonding with neighboring O atoms. Thus, the creation

of vacancies demands more energy when electronegativity increases. Therefore, the

2DEG at the non-polar HSs with highly electronegative cations is strongly restricted

in its applications.

6.3 Volumetric Strain Effects at Pyrite HSs

Our findings for the CoS2/FeS2 pyrite HS in Chapter 4 indicate that, at the clean IF

(without any strain), charge transfer is simply not strong enough to induce a half-

metallic state because a finite spin minority DOS is maintained at the EF . In order

to get the half metallicity, we address only volumetric tensile strain since the effects

of in-plane strain are proven to be rather small. It is noted that the contributions of

the minority spin channel at EF decreases when the strain increases. A strong tensile
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strain results in weaker hybridization of the atomic orbitals, thus the occupation of

the minority bands reduces and shifts towards higher energy (slightly away from the

EF ). We find that an enhanced strain also enhances the polarization. Even though no

complete spin-polarization has been reached with the application of 4% tensile strain,

our calculations show that a moderate strain transforms the CoS2/FeS2 IF practically

into a half-metallic system. We note that experimentally, strain effects can be easily

induced during the growth process of HSs on a substrate with substantial lattice

mismatch or by the application of non-homogeneous pressure.

Though we have not proposed the exact mode of fabricating an electronic device

using our proposed (or experimentally feasible) systems within the scope of this the-

sis, we expect that the resulting 2DEG (of various thicknesses from different systems)

will offer a wealth of phenomena at the boundaries where compounds with differ-

ent structural instabilities, lattice mismatch and electronic properties meet, giving

unprecedented access to new physics emerging at oxide IFs. A joint effort by theo-

reticians and experimentalists be required to demonstrate high performance devices

with new artificial multifunctional materials and junctions.
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Chapter VII

Conclusion

In this thesis the electronic structures of polar and non-polar perovskite oxide, as well

as pyrite IFs, have been investigated based on DFT calculation, in order to explain

the experimental finding and to predict the IF physical properties. Structural opti-

mization of the atomic coordinates is taken into account by using force minimization

in each case. For some IFs, strongly reduced octahedral distortions are found as

compared to related IFs.

For the polar HSs, the clean n and p-type IFs show a metallic behavior with

significant charge carrier densities up to∼ 1014 cm−2. The formation of the 2DEG and

2DHG in our systems appear to be thoroughly captured by the occupation changes

of the TM d and O 2p orbitals. We find that, in the vicinity of the n-type IFs,

the TM atoms gain electrons, while the O atoms gain holes at the p-type IFs. The

2DEG forms in very narrow slabs of about 11 to 15 Å and 5 to 7 Å thickness for

the n-type and p-type IFs, respectively. The most striking feature of our calculation

is that introducing a high electronegativity cation at the IF restricts the gas to a

ultra thin layer of about 5 Å thickness, which is about half of the values previously

reported. So, incorporation of electronegative elements in polar perovskite HSs can

be used to enhance the quantum nature of the induced gases. Furthermore, we found
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that the mixed cation IFs are energetically more stable then the abrupt ones. Also,

the intermixing of the B site cations suppresses the two-dimensional electron gas as

long as their electronegativities are different. On the other hand, intermixing of the

A site cations is not critical.

Conversely, stoichiometric IFs between wide band gap non-polar perovskites ex-

hibit an insulating state before and after the relaxation. However, IF metallicity

is introduced by O vacancies, due to partial occupation of the Ti 3d orbitals. The

metallicity is enhanced when more O vacancies are created near the IF region. Our

results interestingly show that O vacancy formation energies depend strictly on the

electronegativity and the effective volume of the A ion, while the main characteristics

of the IF electronic states are maintained. The O vacancies also play a very impor-

tant role for polar HSs. The metallicity increases at the n-type IFs for increasing

concentration of O vacancies, while p-type IFs become electron doped at higher O

deficiency.

The IFs between pyrite compounds have a metallic nature and a FM ordering of

the magnetic IF atoms is energetically favorable as compared to an antiferromagnetic

ordering. A finite spin minority density of states is maintained at the EF . For this

reason a HM state can be excluded. However, tensile strain is shown to strongly

enhance the spin polarization so that a virtually HM IF can be achieved for compa-

rably moderate strain. Consequently, this system may have substantial potential in

spintronics applications.
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for the formation of metallic states at the KTaO3/SrTiO3 interface” Physical
Review B 83, 113107 (2011).

[P12] S. Nazir, J. J. Pulikkotil, N. Singh, and U. Schwingenschlögl, “Vacancy in-
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[P16] S. Nazir and U. Schwingenschlögl, “The interface of the ferromagnetic metal
CoS2 and the nonmagnetic semiconductor FeS2” Applied Physics Letters 97,
183113 (2010).

.


	LIST OF ILLUSTRATIONS
	LIST OF TABLES
	Introduction
	Background of the Materials
	Thesis Outline

	Calculation Method and Structural Optimization
	Density Functional Theory and Methodology
	The appropriate Hamiltonian
	Hohenberg-Kohn Theorems
	The Kohn-Sham Equations
	Exchange-Correlation Functional

	Structural Optimization

	Polar Perovskite Oxide Interfaces
	KTaO3/SrTiO3 and NaTaO3/SrTiO3 Interfaces
	AgNbO3/SrTiO3 and AgTaO3/SrTiO3 Interfaces
	LaGaO3/SrTiO3 Interface
	Thermodynamic Stability at LaGaO3/SrTiO3 Interface


	Non-Polar Perovskite Oxide and Pyrite Interfaces
	Non-Polar Perovskite Oxide Interfaces
	CaHfO3/SrTiO3 Interface
	ATO3/STO3 (A = Pb, Ca, Ba) Interfaces

	Pyrite Interfaces
	CoS2/FeS2 Interface
	Strain Effect at the CoS2/FeS2 Interface


	Effect of O vacancies at Polar and Non-Polar Interfaces
	Polar Interfaces
	KTaO3/SrTiO3 and NaTaO3/SrTiO3 Interfaces
	AgNbO3/SrTiO3 and AgTaO3/SrTiO3 Interfaces
	LaGaO3/SrTiO3 Interface

	Non-Polar Interfaces
	CaHfO3/SrTiO3 Interface
	ATiO3/SrTiO3 (A = Pb, Ca, Ba) Interfaces


	Discussion
	Charge Carrier Density Enhancement
	Lattice Strain Effects
	Oxygen Vacancy Effects

	Charge Confinement at Perovskite Oxide IFs
	Volumetric Strain Effects at Pyrite HSs

	Conclusion
	REFERENCES
	PUBLICATIONS

