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as compared to that along the y-axis. (b) Top surface head-on view of the
superlattice structure of oxygen vacancy ordering in periodic arrays. . . . . . 32

4.2 (color-online)(a) Stability graph of the striped vacancy pattern discussed in
Fig.4.1 with different surface Ov densities. All three densities produce similar
sub-surface 3dxy bands near the zone-center but differ in the magnitude of the
magnetic moments. (b) Top view of the various Ti(m)O(n) units at the TiO2

surface with one oxygen vacancy per u.c., showing (i) a 2 × 1 u.c. with one
eliminated O atom at (0.50, 0.50) creating a stripe of missing oxygen atoms
along the y-axis (Ov surface density nv = 1/4) and giving each Ti atom exactly
one nearest neighbor vacancy, (ii) a 3× 1 u.c. with one eliminated O at (0.33,
0.50) causing a similar vacancy stripe but with lower density (nv = 1/6), and
(iii) a 4× 1 u.c. with one eliminated O at (0.25, 0.50), creating vacancy stripes
with a Ov surface density of nv = 1/8. . . . . . . . . . . . . . . . . . . . . . . 33

4.3 (color-online) (a) A four STO-layer slab with
√
2 ×

√
2 (dimerized) vacancies,

causing each surface Ti to have one nearest neighbor vacancy. (b) A 2 × 1

viii



configuration with chains of vacancies in the y-direction. The configuration (b)
contains two different types of surface Ti, one with no nearest neighbor vacan-
cies, and the other with two nearest neighbor vacancies. Both configurations
have doping level nv = 1/4 (25%). (c) Stripe configuration, nv = 1/4 and (d)
stripe configuration, nv = 1/8. . . . . . . . . . . . . . . . . . . . . . . . . . . 34

4.4 (color-online) The near-Γ spin-GGA band structure of the 4 STO-layer with
striped vacancy configuration (nv = 1/6). Up-spins bands are denoted with
solid lines and corresponding down-spin bands denoted with dashed lines. The
3dxy bands are light and dispersive, while the 3dxz and the 3dyz are heavier
and less dispersive due to confinement in the z-direction, which also produces
the observed level quantization of states. . . . . . . . . . . . . . . . . . . . . 36

4.5 (color-online) Comparison of the near zone-center conduction bands of oxygen-
deficient (a) 4 layer STO and (b) 6 layer STO with nv = 1/4. Up-spin bands
are denoted by solid lines and down-spin bands by corresponding dashed lines.
The spin-split is maximum for the bands near the Ov surface and reduces as
we go deeper into the bulk. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

4.6 (color-online) Orbital and site-projection of the lowest 4 spin-pairs of bands of
a 5 STO-layer slab (nv = 1/4) around the Γ point and along ky, with band
1 being the deepest pair. The site locations are shown by the crystal unit
cell aligned along the horizontal axis. On the graph, red is dxy and green is
dxz. Up-spin is above the axis and is shown in filled circles whereas down-spin
is below the axis and is shown in empty circles. The position of the missing
oxygen on the surface is shown with a red circle. Each dxy subband can be seen
to prefer different TiO2 planes. The deepest pair of bands is the Ti dxy near
the SrO surface and the next deepest pair is Ti dxy next to the TiO2 surface.
They are the bound states and are the most localized. . . . . . . . . . . . . . 40

4.7 (color-online) Orbital and site-projection of the lowest 4 spin-pairs of bands of
a 5 STO-layer slab (nv = 1/4) around the Γ point and along ky, with band 1
being the deepest pair. A GGA+U scheme has been used. The site locations
are shown by the crystal unit cell aligned along the horizontal axis. On the
graph, red is dxy and green is dxz. The position of a missing oxygen on the
surface is shown with a red circle. The Coulomb term causes the spins in a pair
to move away from each other in real space, but the quantization effect of the
confining potential is maintained. Up-spin is above the axis and is shown in
filled circles whereas down-spin is below the axis and is shown in empty circles. 41

4.8 (color-online) The near-Γ band structure of the oxygen-deficient 4 layer STO
(nv = 1/6) with spin-orbit coupling included. Up-spins are denoted with solid
lines and down-spins denoted with dashed lines. The change in the dxy bands

ix



around close to the Γ point is negligible. The biggest effect of SOC can be seen
in lifting the degeneracy of the band-crossing at the corners. . . . . . . . . . . 42

4.9 (color-online) (a) Total up and down DOS of a four STO-layer slab with 1/6
Ov surface density at the TiO2 surface. The zero is the Fermi level at the
present level of doping. (inset) Integrated up and down dos, showing the onset
of magnetism at ∼ 300 meV below the Fermi level. (b) Projected DOS of the
3d orbitals of a surface Ti atom next to an oxygen vacancy. The occupied
polarized states are a mixture of spin-polarized t2g and eg located around the
S-point of the BZ. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

4.10 (color-online) DOS of the 3d states of a Ti atom one layer below the oxygen-
deficient TiO2 surface (nv = 1/6). The occupied states around the zone-center
are t2g in nature. At this GGA-level, the dxy states carry negligible magnetic
moments, and most of the spin-polarization is in the dxz state. . . . . . . . . . 45

4.11 (color-online) (a) The result of fitting the experimentally determined[116] spin
x-component via a chi-square fit to the form given by Eq. 4.3 indicating a large
planar Rashba coupling near the surface. (b) The spin pair of near-surface
GGA bands of the four STO-layer slab after applying a Rashba spin-split term
using Eq. 4.2 as compared to the experimental results[116]. Other occupied dxy

bands are deeper inside the slab and are omitted in this figure. (c) The same
as in (b) using the bands by GGA+U. The black solid line is the result of GGA
or GGA+U without spin-relaxation. The green and red solid (dashed) lines are
obtained with GGA or GGA+U after spin-relaxation for down (up) with and
without the Rashba interaction respectively. . . . . . . . . . . . . . . . . . . 46

4.12 (color-online) The planar BZ band structure of the oxygen-deficient four STO-
layer slab with nv = 1/6. Up-spins are denoted with solid lines and down-spins
denoted with dashed lines. The lowest occupied pair of spin bands is degenerate
near the Γ point and is contributed by the Ti atoms away from the oxygen
deficient TiO2 surface. The second lowest spin-split payer comes from the Ti
atoms one layer below the oxygen deficient TiO2 surface, which are the bands
of interest. The majority of the magnetic moment comes from the BZ corner
and edge where the states are localized on the doped TiO2 surface as a mixture
of t2g and eg with a considerable spin-split. . . . . . . . . . . . . . . . . . . . . 50

5.1 (a) Scanning electron microscope image of a cleaved (001) Sr2RuO4 bulk crys-
tal containing parallel Ru micro-platelets (brighter contrasted short lines). (b)
HAADF-STEM image of the Sr2RuO4/Ru interface at lower magnification
showing an atomically straight and sharp super-structured interface, where the
brighter region on the left is the Ru metallic inclusion and on the right is the
Sr2RuO4 phase. The brightest spots are Ru followed by Sr. O atoms are too
faint to be observed. There is no concentration gradient of SRO or Ru on either

x



side of the interface. (inset) Close up view of the interface at higher magni-
fication, where the atomic structure is clearly revealed. The HAADF-STEM
images were taken with a probe of 0.078 nm and a convergence semi-angle of
21 mrad and inner collection angle of 78 mrad. Brighter-contrast atoms are Ru
atoms while Sr atoms are less bright. . . . . . . . . . . . . . . . . . . . . . . 60

5.2 (color-online) Sr2RuO4-Ru supercell used for spin-GGA calculations of the het-
erojunction as generated by VESTA software package. There are three different
Ru-O bond lengths: The Ru-O bond lengths in the interface columns are the
shortest, followed by the in-plane Ru-O(1) distances, followed by the Ru-O(2)
bond lengths. The interface Ru atoms columns mediate between the SRO phase
and the Ru metallic phase. We show part of the next repeated image for clarity.
SRO lattice vectors are shown. . . . . . . . . . . . . . . . . . . . . . . . . . . 61

5.3 (color-online) The SRO b−c plane showing the two layers of the SRO-Ru inter-
face, formed by the interface Ru pair columns and the terminating layer of the
hcp metal. The unit cell lengths are slightly different from ideal bulk values
(with details in the text). The triangular lattice of the Ru metal layer and
the rectangular lattice of the interface Ru pairs are commensurate with 7.81
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it also neighbors the Ru metal closed-pack layer at the interface. Both these
environments influence its electronic structure. . . . . . . . . . . . . . . . . . 66

5.8 Ylm-projected density of states for a Ru atom in the SRO phase. The eg orbitals
are unoccupied and and pushed away from the t2g orbitals due to the crystal
field. The magnetic moments (MRu = 1.532µB) are a result of the t2g spin-
split. Spin-up is above the horizontal axis and spin-down below the axis. The
Fermi level is at zero. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

5.9 Ylm-projected density of states for a oxygen atom bonded to an interface Ru.
The Fermi level (placed at zero) is is occupied by all three p-orbitals. . . . . 67

6.1 Electronic band structure of pure Yb2Ti2O7 calculated using Spin-GGA + U
+ SOC method, for various values of U and J in Yb f orbitals, shown along
the crystal high symmetry lines. We use in (a) U = 0 eV, J = 0 eV , which
gives us a metallic ground state. In (c), we use U = 3 eV, J = 0.7 eV, which
opens a small gap. In (c), we use U = 6 eV, J = 1 eV. . . . . . . . . . . . . . 70

6.2 Free energy of the oxygen vacancy process in stuffed Yb2Ti2O7 for 25% and
12.5% Yb stuffing. Three different types of unit cells with chemical formula
Yb(2+x)Ti(2−x)O(7−δ) are shown and their free energies are compared with those
of the corresponding stuffed structures with no oxygen vacancy (δ = 0). The
vacancies are at Wyckoff f sites. The limits of oxygen chemical potential is
shown by dotted lines. We use UY b = 6 eV, JY b = 1 eV, UT i = 2 eV, JT i = 0.8
eV. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

6.3 (a) Spin-GGA + U + SOC electronic band structure of Yb2Ti2O7 (Fig 6.1(c) re-
peated) and (b) Spin-GGA + U electronic band structure of Yb2+xTi2−xO7−x/2

(x = 1/2), shown along the crystal high symmetry lines. The vacancy is in the
Wyckoff f site. The ten energy bands around the Fermi level in (b) are 4f in
character. Results are for UY b = 6 eV, JY b = 1 eV, UT i = 2 eV, JT i = 0.8 eV. 72

6.4 Spin-GGA + U + SOC electronic density of states of Yb2Ti2O7 (top) and
Spin-GGA + U electronic density of states of Yb2+xTi2−xO7−x/2 (bottom) for
x = 1/2. The Fermi energies are set to zero. Results are for UY b = 6 eV,
JY b = 1 eV, UT i = 2 eV, JT i = 0.8 eV. . . . . . . . . . . . . . . . . . . . . . . 73

xii



LIST OF ABBREVIATIONS AND
SYMBOLS

DFT Density Functional Theory
HK Hohenberg-Kohn
KS Kohn-Sham
Q2DEG Quasi Two Dimensional Electron Gas
SOC Spin-Orbit Coupling
DFMT Dynamical Mean-Field Theory
LDA Local Density Approximation
L(S)DA Local (Spin) Density Approximation
GGA Generalized Gradient Approximation
PAW Projector-Augmented Wave
PBE Perdew-Burke Ernzerhof GGA functional
Σ(ω) Self Energy (as a function of frequency ω)
G(ω) Greens Function
W (ω) Screened Coulomb interaction
GW “GW” Approximation in which Σ = iGW
STO SrTiO3

SRO Sr2RuO4

LAO LaAlO3

u.c. Unit Cell
ARPES Angle Resolved Photoemission Spectroscopy
SARPES Spin and Angle Resolved Photoemission Spectroscopy
STEM Scanning Transmission Electron Microscopy
HAADF High-Angle Annular Dark-Field
EELS Electron Energy Loss Spectroscopy
IBZ Irreducible Brillouin Zone
DOS Density of States

xiii



ABSTRACT

This dissertation is a theoretical and computational examination of structural, electronic

and magnetic properties of complex transition metal oxide structures. Our work is moti-

vated by experimental observations that transition metal oxides manifest novel properties

at surfaces and interfaces that are absent in bulk, and that there exist competing ground

states driven by off-stoichiometry, oxygen vacancy and reduction of symmetry. We examine

these properties using density functional theory (DFT) within the spin-generalized gradient

approximation (Spin-GGA) along with the application of a Hubbard U (GGA + U). We

present our detailed results for the following systems: oxygen deficient strontium titanate

surface, strontium ruthenate interfaced with ruthenium metal inclusions, and ytterbium ti-

tanate with Yb “stuffing”. In the course of our work, we cover materials with 3d, 4d and 4f

band characters, each of which have different band masses, electron-electron correlations and

spin-orbit coupling (SOC) strength. We investigate the role of surface termination, oxygen

vacancy doping and cation “stuffing” defects in these metal-oxides and show the emergence

of novel properties consistent with experimentally acquired information and possible appli-

cations. We conclude by presenting implications for further work.
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CHAPTER 1

INTRODUCTION

This dissertation is a theoretical and computational investigation into structural stability,

electronic properties and magnetic phases of complex transition metal oxide materials. Our

study includes two different transition metal oxide crystal systems: perovskites and py-

rochlores. In perovskites, we analyze local and itinerant states at surfaces and heterostruc-

tures. In pyrochlores, we analyze an interplay between geometry, strong spin-orbit coupling

and correlations in creating competing phases in presence of defects. This chapter provides

an overview of the problems, historical perspectives and an outline of the body of the work.

1.1 Metal oxides: surfaces, interfaces and oxygen

vacancy

The electronic structure of transition metal oxides, particularly at surfaces and interfaces

is usually well less known than those of other bulk materials[43]. This is mainly due to the

insulating nature of these materials, the various structural phases, and the complexity of the

heterostructures at terminations, which makes experimental characterizations difficult. Ox-

ide materials, however, have great potential for practical applications and hold considerable

promise as materials for electronic devices, so their accurate characterization is quite useful.

The semiconducting behavior underlying modern electronics is at present dominated either

by silicon compounds, or by a combination of column III and V elements such as gallium

and arsenic. The success of such semiconductors is based on three important features[17]:

(1) electrical conductivity is tunable over a large range, (2) precise control over nanoscale

dimensions can be achieved, and (3) insulating layers can be formed, enabling field-effect

transistor fabrication. Metal oxides have a much richer set of functionalities because they

have a more complex crystal structure and their electronic structure has a much larger

landscape. A transition metal oxide lattice typically has many options for cations and a

1



multitude of possible layered structures. Each cation provides a distinct kind of valence

electrons (3d, 4d, 5d, 4f, 5f ) and thus provides a wide spectrum of properties such as bond

lengths, band dispersion, charge localization and electron-electron correlations. Many of

the rich array of phenomena are due to the presence of oxygen which pulls electrons out of

cations and creates strong electric fields at the interatomic length scale. In addition, various

studies have shown that when devices are scaled to atomic dimensions, interface or surface

effects dominate and physical properties may arise that are absent in the constituent bulk

materials[31, 56, 1, 93, 94]. Thin film oxides thus combine the important traditional semicon-

ductor properties[128, 1] with other emergent properties like interfacial ferromagnetism[14],

interfacial superconductivity[107], colossal magnetoresistance[132], very high career mobility,

quantum hall effect[130] and strain-driven ferroelectricity[39].

There are multiple computational methods[29] to study transition metal oxide materials,

including Monte Carlo simulations, dynamical mean-field theory (DMFT), and density func-

tional theory (DFT). DFT, by itself or combined with other methods (like DFT + DMFT

or DFT +GW[7] ) is by far the most successful of these methods. For the complex metal

oxide heterostructures we investigate in this dissertation, DFT is the only computationally

tractable method that can match and predict experimentally measurable quantities.

In our work, we use a comprehensive approach to find the ground state properties. We

create supercells to model a particular geometry of the metal oxide, for example a surface,

an interface or cation “stuffing”. We use Kohn-Sham (KS) DFT to fully optimize various

such atomic configurations consistent with experimental observations, and compute accurate

ground state energies for each of them. We fully relax the atoms in the supercell until the

interatomic forces converge to a small value and the system finds an equilibrium. The

DFT energy depends on a number of physical factors, such as the lattice constants, the

nature of the surface, the type of oxygen vacancy pattern, the orientation and the distance

between phases at the interface, and the bond angle distortions. We optimize with respect

to all these variables, and compare the thermodynamic stability of each structure to find the

most stable geometry under the given conditions. We study the stability of structures with
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oxygen vacancy by considering, as a function of oxygen chemical potential, their stability with

respect to structures with no oxygen vacancy. We shall use this method to model and study

in detail microscopic properties of three related types of complex metal oxide structures:

(1) A perovskite slab with an oxygen deficient oxide-vacuum interface (i.e., surfaces), (2) an

interface structure between a layered perovskite and a hexagonal closed pack metal phase,

and (3) a “stuffed” pyrochlore with oxygen defects. We begin by an ab initio description of

the oxygen deficient SrTiO3 (STO) surface, the first system of our investigation.

1.1.1 The oxygen deficient SrTiO3 surface

In 2004, a highly mobile electron gas was discovered at the (001) interface between two in-

sulating, dielectric, lattice-matched perovskites: non-polar SrTiO3 (STO) and polar LaAlO3

(LAO)[91, 119, 92, 48, 95, 99]. For LaAlO3 layers up to three unit cells (u.c.) thick, highly

insulating interfaces are obtained. At a critical LAO thickness transition between d = 3 uc

and d = 4 u.c., the conductivity increases by a factor of more than four orders of magnitude,

and the electrons are found to have densities orders of magnitude higher than those at the

interface of III-IV semiconductors. Electron energy loss measurements show[87] that the

gas is confined within a ∼ 2 nm thick layer residing in STO, and can be described to be a

quasi-two dimensional electron gas (Q2DEG). Oxygen partial pressure during growth and

annealing is known to play a crucial role in the properties of the Q2DEG[87, 48]. High con-

ductivity with carrier density of ∼ 1017 cm2 is found in samples grown at or below pO2 ∼ 10−6

mbar; medium conductivity and superconductivity was found for intermediate pressure of

pO2 ∼ 10−4 − 10−5 mbar; magnetism and nonconductivity were found at pO2 ∼ 10−3 mbar.

This lower carrier density is thought to be an intrinsic feature of the interfce, but it is an

order of magnitude less than the 0.5 electrons per unit cell (3.5 × 1014 cm−2) necessary to

avoid the polar discontinuity[87]. Furthermore, angle-resolved photoemission spectroscopy

(ARPES) has shown that there is also a highly metallic Q2DEG, about five unit cells thick,

on the bare surface of SrTiO3[115]. The similarity between this Q2DEG and the one at

the SrTiO3/LaAlO3 interface[115, 82] indicates that the electronic phase under consider-

ation is the same. This ubiquitous Q2DEG can be produced through multiple methods
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such as gating[131, 66], by creating surface oxygen vacancies[115, 103], or by inserting a

δ-doped layer[59, 63] inside the bulk crystal. The Q2DEG was found to have large negative

magnetoresistance[14] with in-plane magnetic order[68]. More surprisingly, the interface was

also found to be superconducting, possibly even in the presence of magnetic order[68]. The

idea of polar catastrophe (a diverging potential at the interface caused by layers of alternate

charged atomic planes in LaAlO3) was used to explain the presence of the Q2DEG at the

interface.[87]. While there is direct experimental evidence of polar reconstruction theory[87],

no such alternating charged planes exist on the SrTiO3 surface.

Ab-initio DFT studies[36, 97, 2, 104, 99] on the interfaces have shown that the conduc-

tion bands are made up of Ti 3d t2g states and that the band occupation depends[17] on

both the number of LaAlO3 layers (thereby the magnitude of the polar discontinuity) and

on oxygen vacancies (thereby the level of doping). Strong polar distortions[100] and high

dielectric constant[58] are found to screen local electric fields, leading to a partial mitigation

of the diverging electrostatic potential on the interface. On the surface, it was found[120, 98]

that oxygen vacancies significantly distort the crystal field symmetry of the d states, causing

orbital reconstruction and giving rise to magnetic moments. Using tight-binding and lattice

relaxation model approach, it has been shown[58] that a large electric field on the surface of

SrTiO3 attracts charge carriers, and strong non-local screening weakens their confinement.

At high levels of doping, tightly bound states confined to be near the surface separate out

from delocalized bulk-like states. Angle-resolved photoemission spectroscopy (ARPES) and

spin and angle-resolved photoemission spectroscopy (SARPES) detected mixed dimensional-

ity of bands[103] and interesting spin-momentum correlation on the surface[115, 108, 82, 116].

The Ti 3dxy bands were found to have a Brillouin-zone-center gap, suggesting broken time-

reversal symmetry, and a strong split in chirality at the Fermi surface[116] that cannot be

explained by a simple Rashba[77] model.

In our work, we shall focus our effort in answering a few basic questions: What is the

nature of the near Fermi-level physics at the bare titanate surface? Given that oxygen
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vacancy doping is the cause of metallicity at SrTiO3 surfaces, can we predict the stable

vacancy pattern? Is the mechanism that creates the occupied surface bands the same as

the mechanism that lifts the spin-degeneracy of these bands? What is the spin-momentum

correlation of these bands? Finally, what causes the surface confinement of some states in a

macroscopically thick sample?

To answer these questions we study various SrTiO3 slab geometries with different or-

dered oxygen vacancy patterns. We demonstrate the stability of particular oxygen vacancy

patterns, and presence of bound states on both surfaces of the slabs. We find the role of the

oxygen vacancy to be threefold: it causes doping, it changes the band structure through bond

distortion and orbital reconstruction, and it creates stable magnetic moments at the surface.

There are two different types of charge carriers with different band masses and transport

properties. In agreement with tight-binding studies, we find that the surface creates bound

states through strong electric fields and these bands are doped by oxygen vacancies. There is

carrier specialization at the surface. One type of charge carrier is strongly two-dimensional

and hence more prone to localization effects, whereas the other type is more delocalized and

is expected to contribute to the transport properties. By using DFT results along with a

Rashba coupling at the surface allowed by the oxygen vacancy[57], we find that our electronic

bands produce experimentally observed spin-momentum correlations[116]. Overall, we find

that the SrTiO3 surface is well-described at the spin-GGA level for this relatively simple

perovskite material.

Having explained and predicted basic surface properties of SrTiO3, we use DFT methods

to understand the experimentally observed unique interface[136] between the layered per-

ovskite Sr2RuO4 and Ru-metal inclusion. We find that insights gained while studying the

SrTiO3 structure are valid in this system and the role of oxygen atoms at the interface layer

is crucial.

1.1.2 The interface between Sr2RuO4 and Ru-metal inclusion

Particularly since the discovery of high-transition temperature superconductivity in cuprate

oxides, substantial effort has been invested in the study of “unconventional” superconduc-
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tors, which have a momentum dependent energy gap. The pairing in these materials is

believed to be based on non-phonon mechanism and there exists no microscopic theory

for it. Since superconductivity was discovered in the layered perovskite Sr2RuO4 (SRO) in

1994[74], it has been the focus of intense research[72]. It has the same structure as La2CuO4,

the parent compound of cuprate superconductors. As opposed to the s-wave and high-Tc

superconductors in which electrons are paired in a singlet state, the pairing in SRO is spin-

triplet[72, 75, 49, 50, 89, 88, 51].

The unexpected enhancement of Tc from 1.5 K to almost 3 K, when micro-sized ruthe-

nium metal inclusions are embedded inside SRO in the eutectic system during crystal

growth[73], is a very interesting and unexplained phenomenon. There is evidence[78] that

the “3-K” superconducting phase is unconventional with the presence of a hysteresis loop[4].

In this “3-K” phase, the ruthenium micro-platelets are not uniquely oriented with respect

to the SRO lattice. This, together with large diamagnetic shielding could suggest the exis-

tence of interface superconductivity at the Ru-SRO interface, residing primarily in SRO[73].

Sigrist and Monien’s[125] phenomenological analysis postulates a superconducting state with

different symmetry and higher Tc than in the bulk. In more recent studies, superconductivity

in bulk SRO is found to be enhanced also under uniaxial 〈001〉[60], 〈100〉 and 〈110〉 strains
where in the latter two cases strain-driven asymmetry of the lattice is believed to cause a

change in symmetry of the superconducting order parameter[44]. Tc is also found to be en-

hanced due to dislocations[140], and in a system where there is an interface of W/Sr2RuO4

point contacts[134].

Scanning transmission electron microscopy (STEM) images of a representative interface

were studied[141], showing a sharp interface geometry which allows crystals of SRO and

of Ru-metal to grow side by side by forming a commensurate superlattice structure at the

interface. The SRO metal oxide/Ru–metal heterostructure makes it an ideal platform for

investigating the stability of this interface, the role of orbital reconstruction, surface con-

finement and role of interface oxygen atoms using the DFT methodology. The electronic
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properties have been studied by a number of methods[72] including the DFT local density

approximation (LDA) method[90, 126] and the DFT generalized gradient approximation

(GGA)[23, 41] method. Depending on the exchange correlation functional used, GGA pre-

dicts either a nonmagnetic state[41] or an antiferromagnetic (AF) state[23] with ferromagnet-

ically ordered RuO2 basal planes. There is evidence for incommensurate antiferromagnetic

spin fluctuations[124, 40] and it has been shown that ferromagnetic and antiferromagnetic

fluctuations co-exist in this oxide.[80]. However, ab-initio studies of the experimentally ob-

served interface has not been systematically done. We investigated whether DFT based

optimization methods can be used to model this fairly complex heterostructure and if it can

explain the uniquely ordered interface seen in experiments.

The complex nature of this interface compared to the SrTiO3 surface, the large number

of valence electrons in Ru atoms and the ambiguity of the positions of atoms in the hidden

direction (perpendicular to the experimental image plane) makes this problem non-trivial.

We have employed extensive stability analysis of various possible interface geometries to

characterize the most stable interface geometry. We strive to answer the following questions:

Can this complex interface be modeled like the SrTiO3 surface accurately enough to match

experimental observations? Can we use our methods to correctly predict the Ru-O bonds at

the interface, even though the oxygen atoms are invisible in the STEM images? What are

the effects of the non-conventional Ru-O bonds at the interface on the electronic structure?

Can the stability of this interface explain the enhancement of the superconducting critical

temperature?

In our work, we have been able to model correctly the most stable interface which is per-

pendicular to the SRO bulk crystallographic a axis and has alternating intact meandering

Ru-O octahedra, which can be conceived as continuations of the bulk SRO RuO2 planes.

Alternating pairs of Ru columns (which, as we show, are coordinated by oxygen atoms which

are not visible in the STEM images) fill in the gaps created by the meandering interface at

the same periodicity as the SRO unit cell along the crystallographic c axis. We show that
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these pair columns of Ru atoms have a coordination number different from that in the metal

phase and that in the SRO phase. A nearly perfect hcp crystal of Ru metal grows from the

next metal layer with a small lattice mismatch that eventually relaxes as one moves away

from the interface inside the inclusion.

We study the stability of this interface against phase separation and against other con-

ceivable interfaces between SRO and Ru-metal. We find that the termination of the bulk

phase is reflected in the nature of the electronic states of the oxygen atoms which are no

longer octahedrally coordinated to the Ru atom. Using a spin polarized GGA calculation

we describe magnetic moments of the Ru atoms in the SRO phase near the interface. Our

study establishes a clear picture of the stable Ru-Sr2RuO4 interface which is important in

understanding the unconventional “3-K” phase. While the goal of our study was to study

the crystal structure and electronic properties of this interface, we realize during our work

that nearly atomically perfect interface with the SRO crystal imply the emergence of a

significant interlayer coupling which can give rise to reduction of phase fluctuations of the

superconducting order parameter characterizing the various RuO2 planes. This is expected

to lead to an enhancement of the superconducting critical temperature as observed in the

SRO crystals with Ru inclusions[15]. We are thus able to employ DFT methods to study

transition metal oxide heterostructures to gain an understanding of subtle effects like super-

conductivity, which is not directly accessible to ab initio methods because of its tiny energy

scale.

DFT methods are successful in describing emergent phenomena in complex metal oxide

heterostructures of a perovskite and layered perovskite structure. However, we wanted a

better insight about our methodology in a slightly more complex crystal structure with more

localized orbitals. In particular, we wanted to extend our understanding of the stability of

a particular oxygen vacancy. We focused our efforts on understanding the crystal structure

and electronic properties of off-stoichiometric Yb2Ti2O7. The pyrochlore geometry and the

presence of 4f electrons in Yb make this problem computationally challenging. In what
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follows, we briefly describe the pyrochlore family, the special properties of Yb2Ti2O7 which

makes it an appealing candidate for testing our methods, and our approach to the problem.

1.1.3 The “stuffed” pyrochlore Yb2Ti2O7

Pyrochlore materials with the general formula A2B2O7, where A is a trivalent rare earth

ion and B is a transition-metal atom, display a diverse set of physical properties[34]. In

the pyrochlore structure, the A and B cations form two distinct interpenetrating lattices

of corner-sharing tetrahedra. In such a geometry, the natural tendency to form long-range

magnetic order is frustrated and hence these materials have been the subject of consider-

able theoretical and experimental interest for the last two decades[34]. Some of the most

intensely studied pyrochlores, such as Ho2Ti2O7 and Dy2Ti2O7, have local 〈111〉 Ising-like

magnetic moments at each A-site oriented along the line connecting it to the centre of the

tetrahedron[12, 21]. These materials are believed to be dipolar “spin-ice” compounds with

large magnetic moments (∼ 10µB for Dy+3 and Ho+3). Out of the 4 spins at the vertices

of each tetrahedron two spins point in and two point out from the tetrahedron center. In

addition, there is a long range magnetic dipole interaction between them[25]. The frustra-

tion and zero-temperature entropy of these moments creates a classical spin-liquid regime[38]

with novel magnetic monopole excitations[16, 53, 30]. Quantum fluctuations are virtually

absent in these spin-ice materials but assume importance in other pyrochlores[114] with low

magnetic moments.

In the case of Yb2Ti2O7, magnetic dipole moments are weak and exchange interactions

are important. It was found to have a ferromagnetic Curie-Weiss temperature of ∼ 0.65 K

and a first-order transition at ∼ 0.24 K[46]. Its magnetic properties originate in the 4f 13

electrons of the Yb+3 ions which form the A sublattice tetrahedra network. Large spin-orbit

coupling and crystal field create a lowest Kramer’s doublet state energetically separated

from the first excited doublet by 620 K[45]. The low-energy spin-dynamics as revealed by

inelastic neutron scattering[113] can be modelled by an effective pseudospin-1/2 moment[96].
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Ross et. al[111] have pointed out the role of off-stoichiometry in the difference in ground

state properties of this material in various studies. Generally speaking, it was found that

systems with a single specific heat anomaly between 214 mK and 265 mK[113, 137, 11]

are stoichiometric, whereas systems with broad humps in specific heat[113, 137, 20] are

best described as “stuffed”, with Yb substitution on some Ti sites. The magnetic inter-

action of Yb2Ti2O7 has been described in the S = 1/2 subspace by an anisotropic ex-

change Hamiltonian[113] with four independent exchange constants allowed by the crystal

field symmetry[22]. Stuffing introduces some new nearest neighbor interactions among the

Yb+3 ions and different oxygen environments, which is expected to influence the magnetic

moments and the exchange interaction parameters, thus significantly influencing the ground

state properties. Recent studies point to multiphase competition[109, 52]. Mean-field[113]

and gauge mean-field[117] studies on the anisotropic exchange Hamiltonian predict long

range ferromagnetic order, but experiments have found that the magnetic moments fluctu-

ate down to very low temperature[46, 112]. This suggests the presence of certain degree of

randomness in the magnetic moments.

As part of our work, we wanted to know if our ab initio methods can explain the basic

crystal structure, electronic states and the most important effects of stuffing. An extensive

body of experimental[139, 20, 19, 67, 35, 46, 138, 33, 112, 27, 8] and theoretical[113, 5, 42]

research have claimed Yb2Ti2O7 states of different nature, surprisingly with almost no input

from ab initio calculations in which the f electrons are active. It is well-known that materials

with partially filled f orbitals pose serious challenges to DFT calculations, especially of their

magnetic properties. While being aware of this challenge, we wanted to investigate the

most stable crystalline structure in the case of “stuffing”. We find that we can describe the

electronic structure and the description of oxygen-vacancy related change in valence states,

pertinent information in building a model for this pyrochlore system. Our work allow us

to explore some pressing issues. Most strikingly, we find direct first-principle confirmation

of oxygen vacancy in the stuffed structure, an effect which has been indirectly argued from

oxidation state considerations and very recent electron energy loss spectroscopy (EELS). We
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find oxygen vacancy defect to have significant impact on the electronic bands around the

Fermi level, changing the extend of hybridization and pushing the valence levels down. We

further find non-collinear magnetic states with magnetic moments that are comparable to

experimental measurements.

In our study, we find out that DFT at the L(S)DA/spin-GGA level is incapable of explain-

ing the basic insulating property of Yb2Ti2O7. We decided to employ the Hubbard-based

DFT + U approach to account for the Coulomb interactions between electrons and find that

it successfully produces the electronic band structure that is consistent with known experi-

mental results. The downside of using a Hubbard U is that the results are dependent on the

value of U. We also investigate the inclusion of spin-orbit corrections in an ab initio way in

our computations. While the use of hybrid functionals, DMFT and many-body corrections

like GW might improve the results over the GGA + U method, the complexity of the crystal,

the f -electrons, and the reduction of symmetry due to spin-orbit coupling means that these

methods have still not been applied to the present system. In our work, we also find that

once we use a minimum critical value of the Hubbard U, it does not drastically change the

ground state electronic properties, except to modulate the value of the band gap.

1.2 Outline of this dissertation

In this dissertation, we study the properties of several complex metal oxide structures.

Our goal is to understand from first principles their surfaces, their commensurate interfaces,

and the role of oxygen vacancies. We describe the microscopic properties of these materials

and emergent phases in our work.

We begin by describing the oxygen deficient surface of the perovskite SrTiO3. We use

the DFT methodology to model possible vacancy ordering, and find ground state properties

of the most stable ordering. We investigate the effect of surface confinement and oxygen

vacancy on the character and dimensionality of the various electronic states. We describe

the metal oxide bond nature at the surface, the origin of the Q2DEG and the emergence
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of magnetic moments. We show that the GGA approximations give excellent results on the

surface bands. We further study the effect of a Hubbard U on the nature of the bands.

We next use the same methodology to study the interface geometry between the layered

perovskite Sr2RuO4 and Ru-metal inclusion. We use our stability studies to understand the

exact structure and commensuration of these interfaces. From our analysis, we argue for

the ubiquitous nature of the experimentally observed geometry. We study the effect of the

interface on the Ru-O bond nature and orbital reconstruction. We find that the interface in

this system has a similar impact on the 4d orbital reconstruction of the transition metal Ru

that the presence of oxygen vacancies have on the 3d orbital of the Ti atom. Our work allows

us to make a significant observation on interlayer coupling and enhanced superconductivity

at this interface.

Finally, we show the applicability of our methodology and stability arguments in describ-

ing the structural, electronic and magnetic properties of the pyrochlore Yb2Ti2O7 “stuffed”

with extra Yb atoms in the unit cell. We show the use of the GGA + U method in describing

the correct nature of the electronic ground state of this material with active 4f electrons.

We establish the stability of the oxygen vacancy defects in the off-stoichiometric systems

and describe the change in the electronic states as a consequence.

The dissertation is organized as follows. In Chapter 2, we review the materials used in our

work. We describe in detail the DFT methodology in Chapter 3. We then describe in Chap-

ter 4 the applicability of our methods in explaining emergent electronic phases on the most

stable, oxygen deficient SrTiO3 surface, our first material with the simplest heterostructure.

In Chapter 5, we extend our studies to the interface between the layered perovskite Sr2RuO4

and Ru-metal. In Chapter 6, we use our methods to study the stuffed perovskite metal oxide

Yb2Ti2O7. We follow this chapter with a summary of the dissertation in Chapter 7.
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CHAPTER 2

MATERIALS INVESTIGATED

In this chapter, we will describe the various transition metal oxide materials we use in our

study and the heterostructures they form. We investigate three different classes of materials:

1) A perovskite with a 3d transition metal, 2) A body centred tetragonal structure with a

4d transition metal element, whose structure is closely related to perovskites, and 3) a

pyrochlore material with a 4f element.

2.1 SrTiO3

Among the complex metal oxide systems, we chose SrTiO3 as the first material to inves-

tigate. SrTiO3 (STO) belongs to the class of perovskites with a relatively simple structure,

and yet has a wide variety of electronic ground states providing it with rich functionality

which prominently show up on its surface and in presence of oxygen vacancy defects. Due to

lattice matching with other perovskites like LaAlO3, ease of synthesis and the phase space

available, this material is a workhorse in the nascent field of metal oxide electronics and the

substrate of choice for growing other crystals. It is a well studied material from both exper-

imental and DFT computational approaches. It is not a prototypical “strongly correlated

system”, in the sense that Kohn-Sham DFT, without corrections like hybrid functional and

the GW method, finds the right ground state. However, its band gap, experimentally found

to be 3.2 eV, is typically underestimated by DFT. At the GGA level, the calculated gap is

2.0 eV[100], and we find out that even a very high value (up to 8 eV) of Hubbard U cannot

reproduce the correct value.

At room temperature, it crystallizes in a cubic unit cell structure (space group Pm3m)

with a unit cell lattice parameter of 3.905 Å. Its crystal structure is shown in Fig. 2.1(a). Sr

sits at the cubic corners (0, 0, 0), Ti sits at the body center (1/2, 1/2, 1/2), and oxygen atoms
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Figure 2.1: (Color online) (a) Unit cell of cubic phase SrTiO3 single crystal. (b)
Unit cell of the tetragonal phase of SrTiO3 characterized by rotation of adjacent
TiO2 octahedra in opposite directions.

occupy the face center sites (1/2, 1/2, 0). The Ti+4 ion sits at the center of an octahedra

and is coordinated by six O−2 ions. There is significant hybridization of the O 2p states with

the Ti 3d states inside the TiO6 octahedra, giving it a covalent character. Along the (001)

plane, it is made up of alternating SrO and TiO2 atomic planes, both formally charge-neutral.

Upon cooling below 110 K, there is a structural instability and a transition into a tetrag-

onal phase (space group I4/mcm) with a = b 6= c (shown in Fig. 2.1(b)). This has a lattice

parameter a = 5.52 Å. In both cubic and tetragonal phases, the conduction bands are made

up of Ti t2g states and the valence made is made up of O 2p states. Crystal field splitting

pushes the eg states up by several eV compared to t2g states. Our DFT calculations find the

expected instability in the cubic phase through a frozen phonon calculation in the form of a

frozen phonon mode. In the tetragonal phase our calculations find octahedra rotations that

characterize this phase. These findings match those in existing literature[28] and confirm

the applicability of our methods in this material.
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Following the experimental finding of a q-2DEG on its bare surface [115, 116, 82, 103]

with interesting energy-momentum relations[115], we have investigated supercells of STO

bounded in the (001) direction by vacuum on both sides. For a visualization of particular

surface vacancy orderings, please see Chapter 4. In these supercells, we have doped the TiO2

surface by means of oxygen vacancies. We shall find in our work that the presence of surfaces

and of oxygen vacancies on the (001) surface of STO considerably change its ground state

properties.

2.2 Sr2RuO4 and its interface with Ru-metal

The next system we study is Sr2RuO4 (SRO) with embedded micro-inclusion of ruthe-

nium metal formed during the growth process. SRO in bulk has a body centered tetragonal

structure like the parent high-Tc superconductor La2CuO4, and can be viewed as a layered

perovskite with one layer of SrO on either side of RuO2 along the (001) axis. It has lattice

parameters a = b = 3.87 Å in the RuO2 plane and c = 12.74 Å out-of plane, as shown

in Fig. 2.2. This material has no known structural instability. de Haasvan Alphen (dHvA)

measurements[71] and LDA computations[90] show three bands crossing the Fermi surface.

These are mainly the t2g bands of the Ru+4 ions[118, 76] giving it a metallic character.

Like STO, it displays novel electronic phases at interfaces with metallic Ru, namely

enhanced unconventional superconductivity[74], making this material a suitable choice for

our studies. In our thesis, we shall simulate this interface between the (100) plane of SRO

with the a-b plane of Ru metal (which exists as a hexagonal closed-pack metal) by creating

a heterostructure where we sandwich layers of Ru-metal between SRO, creating a composite

heterostructure. For experimental images and visualization of particular heterostructures,

please refer to Chapter 5.
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Figure 2.2: (Color online) Unit cell of the layered perovskite Sr2RuO4 single crystal.
The symmetry axes of these crystals are shown.
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2.3 Yb2Ti2O7: Pure and stuffed, along with oxygen

vacancies

As the final complex metal oxide system to apply our DFT methods, we pick the py-

rochlore Yb2Ti2O7. Yb2Ti2O7 crystallizes in the Fd3m structure where the Yb and Ti

cations form two distinct interpenetrating lattices of corner-sharing tetrahedra that are or-

dered into rows in the 〈110〉. Assuming the origin at the Ti sites, the atoms occupy the

following positions. Yb at 16d (1
2
, 1
2
, 1
2
), 8b (3

8
, 3
8
, 3
8
). The six oxygen atoms at 48f sites are

surrounded by two Yb cations and the two Ti cations, while the seventh oxygen atom at the

8b site is at the center of a Yb tetrahedron. The 48f oxygen atoms are shifted toward the

smaller Ti cations by an amount defined by the x(48f) positional parameter[84]. In our work,

we use experimentally determined cubic lattice parameter a0 and the positional parameter

x[111, 6]. This lattice lends itself to geometric frustration of coupled magnetic moments. In

Fig. 2.3 (a) we show the unit cell where we show for clarity the Yb tetrahedra network. The

presence of f -electrons presents a serious challenge to DFT computations due to their local-

ized nature, and early work in this field kept these electrons frozen in the pseudopotential

core[135]. This gives good results for lattice parameters, cation-antisite and Frenkel defect

formation energies, but incorrectly predicts a metallic ground state. A DFT study with the

f -electrons being treated as active[24] finds the correct insulating state and has computed

the magnetic moments of the Yb ions.

Off-stoichiometry was found[111] to be of significant importance in Yb2Ti2O7. The syn-

thesis process “stuffs” Yb ions on Ti sites, which we show in Fig. 2.3(b). In our problem, we

study the role of this Yb substitution and an oxygen vacancy caused by this stuffing.
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Figure 2.3: (Color online) (a) Unit cell of the layered perovskite Yb2Ti2O7 single
crystal showing the Yb tetrahedra network. The Ti network which is identical to
the Yb network, is omitted. The O atoms are in red and are not labeled. (b) One
of the {111} Kagome planes showing a Ti (marked) at the center of an Yb hexagon.
This Ti atom is replaced by an Yb atom in the stuffed system. One of the oxygen
atoms the Ti is bonded to is removed to create the oxygen vacancy of one kind.
The other kind of vacancy is created by removing the oxygen at the center of the
Yb tetrahedron.
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CHAPTER 3

METHODS

In this chapter, we describe in detail the computational techniques used in this thesis. We

begin with a motivation of using electron density as the fundamental variable, codified in

the basic Kohn-Sham Density functional Theory (DFT). We follow it by an overview of

methods that make this method computationally tractable for complex real systems. These

methods include use of efficient basis states, pseudopotentials and reciprocal-space meshes.

We then describe the local-density and generalized-gradient approximations. We conclude

the chapter by describing the application of DFT in complex heterostructure, and in ab initio

thermodynamics.

3.1 DFT background

The information of a N-particle quantum mechanical system is contained in the 3N

dimensional wavefunction which is the solution of the Schrödinger equation. The complexity

grows exponentially with system size and for computational methods to be tractable it must

avoid solving this many-body equation. The Hamiltonian operator consists only of single

electron and two- electronic interactions i.e. operators that depend on the coordinates of

one or two electrons only. In order to compute the ground state energy we do not need to

know the 3N dimensional wavefunction. Knowledge of the two-particle probability density

that is, the probability of finding an electron at ~r1 and an electron at ~r2 is sufficient. The

fundamental observation behind DFT is that we can go even further. The ground state

energy of a system of many-body interacting particles in an external potential, such as

the field of ionic lattice in a crystal, is completely determined by the charge density. The

fundamental method is backed by two theorems by Hohenberg and Kohn (HK)[47]. The first

theorem asserts the following:
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• The external property Vext(~r) is completely determined by the electron density n(~r),

i.e., E0 = E(~r).

Since Vext(~r) in turn fixes the Hamiltonian Ĥ, the full many particle ground state is a

unique functional of n(~r).

The second theorem establishes a variational principle, which can be written as:

• The ground state energy functional delivers the lowest energy if and only if the input

density is the true ground state density.

Mathematically,

δE [n(~r)]

δn(~r)
|n(~r)=n0(~r) = 0. (3.1)

The HK theorems asserts that such a functional does exist, but does not provide a recipe

for finding it. That prescription is given by Kohn-Sham (KS) equations [62]. The KS

equations describe an auxiliary system of non-interacting electrons, described by a single

determinant wavefunction in N orbitals “φi” in an effective potential, which has the exact

same ground state energy as the interacting system. In this system the kinetic energy and

electron density are known exactly from the orbitals, but this is not the true kinetic energy,

rather is that of a system of non-interacting electrons, which reproduce the true ground state

density. The energy functional can be rearranged as

E [n] = Ts [n] +

∫

Vext(~r)n(~r)d
3~r + EH [n] + Exc [n] , (3.2)

where Ts [n] is the kinetic energy of the fictitious non-interacting system, Vext [n] is the

external potential (coming from the ions, for example), EH [n] is the classical Coulomb part

of the electron-electron interaction energy (also called Hartree), and Exc [n] is the so-called

exchange-correlation energy in which we have collected all the other terms of the total energy

functional. Application of the variational theorem on this functional provides us with the

KS set of equations:
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[

−1

2
∇2 + Vext(~r) +

∂EH

∂n(~r)
+
∂Exc

∂(~r)

]

φi(n~r) = εiφi(~r). (3.3)

This prescription introduces an exchange-correlation energy Exc, which is the sum of the error

made in using a non-interacting kinetic energy and the error made in treating the electron-

electron interaction classically, and its functional derivative vxc. The correspondence of the

charge density and energy of the many-body and those of the non-interacting system is only

exact if the exact functional is known, but the exact form of Exc is unknown, and there is no

known prescription to obtain it. Therefore, the exchange-correlation energy is replaced by

some approximation, depending on the type of functional used, which will be described in

more detail later. This gives a set of N partial differential equations, which can be solved by

some general eigenvalue problem algorithm such as Davidson or Lanczos. From some starting

guess at the ground-state density, the equation must be iterated to arrive at a self-consistent

solution to the problem. The computational cost of solving the Kohn Sham equations scales

formally as N3 at the most.

One important observation is that even though the the form of Exc is unknown, the

functional is universal — it does not depend on the materials being studied. We can thus

determine properties of this functional in a number of systems. This allows excellent approx-

imations to the functional to be developed and used in unbiased and thus predictive studies

of a wide range of materials, a property that makes DFT an ab initio theory. More details

on HK and KS theory, please see appendix A. The theorems and associated approximations

are extensively described in review articles[61, 55, 54].

3.2 Approximations to the universal functional

3.2.1 Local density approximation

While the method of KS, backed by the HK theorems can give an exact solution to the

ground state of an interacting many-particle system, the true exchange-correlation func-

tional cannot be found. The problem is thus recast into discovering forms of this energy
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functional that are most suitable for real systems and are computationally tractable. The

first formulation, which is the basis of all approximate exchange-correlation functionals, is

the local density approximation (LDA). It assumes that the functional depends only on the

local (hence the name) density, approximated by the density-dependent energy of a homo-

geneous electron gas[62] in which near-exact results could be obtained. In this system the

electrons move in a background of uniform positive charge and the charge density is constant.

Under this approximation, the exchange-correlation functional becomes

ELDA
cx [n] =

∫

ǫxc(n~r)n(~r)d
3~r, (3.4)

where ǫxc(n~r) is the exchange-correlation energy per particle of a uniform electron gas of

density n(~r). This energy per particle is weighted with the probability n(~r) that there is an

electron at this position. ELDA
cx [n] can be written as the sum of an exchange term and a

correlation term:

ELDA
cx [n] = ELDA

c [n] + ELDA
x [n] . (3.5)

The exchange term can be expressed in terms of local functions of the charge density[26, 70].

While no such expression is known for the correlation part, it has been accurately simulated

using numerical Monte Carlo calculations[18].

LDA works quite well in “normal” wide-band uncorrelated metals and semiconductors.

Bond lengths are found within an accuracy of ∼ 2 %. Vibrational frequencies, elastic moduli

and phase stability are also reproduced with excellent accuracy. But ionization energies

of atoms, dissociation energies of molecules and cohesive energies with a fair accuracy of

typically 10-20 %. It fails in systems, like heavy fermions, with large electron-electron

interaction effects.
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3.2.2 The generalized gradient approximation (GGA)

The next logical step beyond local density approximation is to incorporate not only the

information about the local density n(~r), but to supplement the density with information

about the gradient of the charge density, ∇n(~r), in order to account for the non-homogeneity

of the interacting electron density. Using this, we arrive at the generalized gradient approxi-

mation (GGA):

EGGA
cx [n] =

∫

ǫxc(n(~r),∇n(~r))n(~r)d3~r. (3.6)

The GGA functional has been constructed by matching to known Monte Carlo results

with an electron gas in an electric field, and to limits obtainable by analytic calculations such

as the “random phase approximation” (RPA) applied to an electron gas. The GGA functional

form is adopted by enforcing the condition that the “exchange hole” is negative definite[102].

Out of the many variants available, we use the Perdew-Burke-Ernzernhof (PBE) variant[101].

GGA provides significant improvement over the LDA description of the binding energy of

molecules and is considered a good representation in structural minimization calculations.

Both LDA and GGA can be extended for spin-polarized systems, turning them into

L(S)DA and spin-GGA functions in which the up-spin density and the down-spin density

are different.

3.2.3 L(S)DA/spin-GGA + U

The HK theorems are not valid for excited states. LDA/GGA always underestimates

band-gaps in insulators and semiconductors. Furthermore, they fail to accurately describe

systems with strong correlations, namely systems with d and f orbitals which are more

localized than the s or p orbitals. This can be corrected in many systems by describing the

Coulomb repulsion by a Hubbard Hamiltonian, treating the interaction term in a screened

Hartree-Fock manner.
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H =
U

2

∑

m,m
′
,σ

nm,σnm
′
,−σ +

(U − J)

2

∑

m 6=m
′
,σ

nm,σnm
′
,σ. (3.7)

The one-site Coulomb U and the screened exchange energy J are external parameters,

which are sometimes extracted from constrained L(S)DA calculations. A crucial thing to take

into account is that the The DFT+U Hamiltonian includes contributions already accounted

for in the DFT functional, so we must subtract double-counting.

3.3 Other computational considerations

3.3.1 Plane-wave basis set

Since in solids, we always use periodic boundary conditions, discrete translation invari-

ance implies the existence of a good quantum number ~k. The single electron wavefunctions

satisfy Bloch’s theorem (with n being the band index):

ψn,~k(~r +
~R) = ψn,~k(~r)e

i~k·~R, (3.8)

where R is any translational vector that leaves the Hamiltonian invariant.

We can thus introduce a cell periodic part un,~k(~r) and write the wavefunction as follows:

ψn,~k(~r) = un,~k(~r)e
i~k·~r with un,~k(~r +

~R) = un,~k(~r). (3.9)

The cell-periodic part must be expanded in a basis and require a large number of basis

states, especially when there are localized d and f states near the Fermi energy. In order

to tackle this problem, Gaussian orbitals or localized Gaussian-like basis sets have been
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used within the linear muffin-tin-orbital (LMTO) method[83]. There are other methods

to circumvent the problem, such as full-potential LMTO or full-potential linear augmented

plane-wave methods[3], which use a localized basis set in the muffin-tin region and plane

waves in the interstitial region. However, developments in the implementation of the projec-

tor augmented-wave (PAW) method[9] as implemented in the Vienna Ab-initio Simulation

Package (VASP) code[123, 32, 122, 121] have allowed for the efficient use of a plane-wave

basis set for DFT calculations. In this formalism, we write

un,~k(~r) =
1√
Ω

∑

~G

Cn~k ~Ge
i ~G·~r. (3.10)

Only reciprocal lattice vectors ~G enter the plane wave expansion since the Hamiltonian

satisfies discrete translational symmetry. Ω is the unit-cell volume. In practice, for each ~k,

there is a cutoff value for ~G.

In all our calculations, we use the projected augmented wave methodology[9] used to de-

scribe the wavefunctions of the electrons as implemented in the VASP package[123, 32, 122,

121]. We use the Perdew-Burke-Ernzerhof (PBE) formulation of the exchange correlation

functional[101].

3.3.2 Pseudopotentials

A challenge of DFT computations in solids is the inclusion of ionic potential of the

lattice and the potentials of the core electrons. In all but the simplest of elements, the

number of plane-waves to represent the cell-periodic part become extremely large for two

reasons. First, the energy scales spanned by the “core” electrons are vastly different from

those of the valence electrons, so a correspondingly large basis set must be used. Second,

the core electrons play little or no active role in the properties of the solid, and yet an all-

electron calculation involving all the electrons greatly increases the complexity of the DFT

equations. An efficient solution to this problem is the use of pseudopotentials instead of

actual potentials for the core electrons. In VASP, they are implemented via a “frozen-core”
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method, i.e., the core electrons potentials are pre-calculated in an atomic environment and

kept frozen throughout the course of the remaining calculations. From the results of this

calculation, a potential is written based on an ionic core containing both the nucleus and the

“core” electrons. In the projector-augmented-wave method, additional projector functions

are created as part of the pseudopotential to handle wavefunction overlaps near the ionic

core[9, 64]. The creation of pseudopotentials is considered something of a “black art” in the

DFT community. We thus have the luxury of using a set of well-tested pseudopotentials[9]

for our work, which we have happily taken.

3.3.3 k-point mesh

Apart from expanding the cell-periodic part of the potential in a plane-wave basis set,

we also must sample the Brillouin zone efficiently. In most cases, we use a Monkhorst-Pack

grid, which is a mesh of equally spaced points inside the Brillouin zone. Application of the

symmetry operation of the underlying Bravais lattice reduces this set of k-points, allowing

us to work with only symmetry-inequivalent k-points (with proper weights from symmetry)

inside the irreducible Brillouin zone (IBZ). This was shown to be equivalent to a full integra-

tion over the BZ to within a known error factor[85]. Additionally, in many cases within all

k-space integration, we apply an improved version of the tetrahedron method[10]. However,

when there are terms in the Hamiltonian which break symmetry, like spin-orbit coupling

that we have in our work, the symmetry of the Hamiltonian is reduced, and one must work

with the full Brillouin zone instead of the IBZ.

3.3.4 Surface and supercell considerations

The presence of surfaces and slabs in our work requires additional considerations. Since

we work in periodic boundary conditions, we simulate a surface by creating vacuum between

repeated images of a slab. The thickness of both the slab and vacuum must be checked for

convergence of desired properties, something we have studied in our dissertation[37]. An

increase of vacuum thickness comes with a computation cost of a larger plane-wave basis
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set. While the vacuum should be thick enough to avoid interaction between images of the

slab, it must be remembered that a slab with a dipole moment normal to its surface will

have a slowly decaying electric field in the vacuum leading to poor convergence with vacuum

thickness. This problem can be solved by creating a non-stoichiometric slab with equivalent

terminations on both sides. However, an alternate solution is to employ a dipole correction

routine in VASP which applies an electrostatic potential of a quadratic form to the local

potential. We have employed this method to study properties of nonequivalent surfaces.

Attention must also be paid to the k-point integration of the surface Brillouin zone (SBZ).

The k-point grid for surface slabs is generated as k1 × k2 × 1, where the direction with one

k-point corresponds to the real-space vector in the direction of the vacuum. Because the SBZ

is two dimensional, the energy should be integrated with only one k-point in the direction

out of the surface so that there is no dispersion through the vacuum. This imposes some

restrictions on Brillouin zone integration. Although the tetrahedron method with Blochl

correction[10] is a standard integration method for insulators and semiconductors, the one

k-point in the direction of the vacuum is often not enough for subdividing the Brillouin zone

into tetrahedrons. In such cases, we have performed the integration of the surface Brillouin

zone with finite-temperature smearing methods, such as Fermi smearing or the method of

Methfessel–Paxton[83].

3.4 DFT and thermodynamic stability

The capability of DFT to compute accurate ground state energies as a function of the

atomic configurations {RI} makes it a crucial tool for stability analysis, especially at sur-

faces and interfaces. We discuss here the general stability analysis for a one single component

metal oxide MOx in an oxygen environment. For calculations in our specific materials, please

see the following chapters.

The key quantity in a (T, p) ensemble is the Gibb’s free energy
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G(T, p) = Etot + F vib − TSconf + pV. (3.11)

The leading term Etot is the zero temperature total energy obtained from DFT, F vib is

the vibrational free energy, TSconf is the configurational entropy and the last term is the

pressure–volume term. In a solid phase in contact with a surrounding gas phase, we can

break down the Gibbs free energy of this entire system into contributions coming from the

bulk of the solid phase Gsolid, from the homogeneous gas phase Ggas term and an extra term

∆Gsurf from the surface phase.

G(T, p) = Gsolid +Ggas +∆Gsurf . (3.12)

If the surface is uniform, as we assume in our work, then ∆Gsurf scales linearly with surface

area A, and we can define the surface free energy per unit area γ, the cost of creating the

surface.

γ =
1

A
[G−Gsolid −Ggas] . (3.13)

With increasing distance from the surface, eventually both the solid and the gas phase part

of the total system will no longer be affected by the created surface. These (infinite) parts

of the total system are effectively canceled out in equation 3.13 by the subtraction of the

equivalent amounts of homogeneous systems (Gsolid and Ggas). This allows us to concentrate

on the finite part of the system that is affected by the surface and make accurate connection

with our DFT computational slabs which are only a few atomic layers thick. If this part

contains Nn metal atoms and NO oxygen atoms per surface area, this allows us to rewrite

equation 3.13 as[110]:
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γ(T, p) =
1

A
(G(T, p,NO, NM)−NMgM(T, p)−NOµO(T, p)) , (3.14)

where we have introduced Gibb’s free energy per metal atom in bulk gM and the oxygen

chemical potential µO. Since in our work we are concerned with the comparable stability

of specific surfaces with defects, unusual terminations and oxygen vacancies instead of the

stability of a clean surface, we define first the cost of a clean surface:

γclean(T, p) =
1

A
(G(T, p, 0, NM)−NMgM(T, p)) , (3.15)

and evaluate the free energy of creating oxygen vacancies and other defects as a measure of

the cost with respect to the clean surface[106, 105, 69]

∆G = γclean(T, p, 0, N
′

M)− γ(T, p,N0, NM) (3.16)

=
1

A

(

G(T, p,NO, NM)−G(T, p, 0, N
′

M)− (NM −N
′

M)gM(T, p)−NOµO(T, p)
)

, (3.17)

where the last term accounts for a possible difference in the number of metals atoms between

the reference clean surface and the oxidized surface structural model.
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CHAPTER 4

OXYGEN-DEFICIENT PEROVSKITE
SURFACE

In this chapter, we describe the application of our methods in explaining emergent metallic-

ity and ferromagnetic instability caused by oxygen vacancy on the surface of SrTiO3 (STO).

We describe at the GGA and GGA + U level the structural, electronic and magnetic prop-

erties of the oxygen deficient surface. We find that there is a preferred periodic oxygen

vacancy array on the surface that gives rise to both surface magnetic moments and a uni-

versal quasi two-dimensional electron gas (Q2DEG) in the occupied Ti 3−d orbitals. Three

factors contribute to the emergent surface properties: (a) Surface confinement and associ-

ated symmetry reduction, (b) oxygen vacancy ordering, and (c) octahedral bond distortions.

Together they produce spin-polarized t2g dispersive sub-bands; their spin-split near the Bril-

louin zone center acts as an effective Zeeman term. We show that this can be modeled as

an effective Rashba interaction at the surface and can describe nontrivial spin-momentum

correlations which has been experimentally observed by spin-resolved angular photoemission

spectroscopy (SARPES)[116].

4.1 Oxygen vacancy configurations and stability of

the STO surface

We consider slabs between four and six STO-layer thick, bounded in the (001) direction

by an SrO surface on one end and an oxygen-deficient TiO2 surface on the other. This film

lacks a center of inversion. DFT works with periodic cells, so we include at least 15 Å of

vacuum between repeated images in the (001) direction to minimize interaction between re-

peated images. All computations were performed using the plane-wave basis set (plane wave

cutoff of 540 eV). The 4s, 4p, 5s electrons of the Sr, the 4s, 3d, 3p electrons of the transition
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metal atom and the 2s, 2p electrons of the oxygen were treated as valence electrons. We

checked our results for consistency by including the semicore s states of the Ti atom as

valence states, which caused a negligibly small increase of the Ti magnetic moments by a

maximum of 0.005µB in ferromagnetic supercells. The asymmetry of our slabs allows us to

disregard interactions between vacancies of repeated structures at the cost of introducing a

net dipole moment and an artificial induced field in the vacuum region. We compensate this

field by using internal VASP dipole correction routines, and found a correction to the total

energy of a supercell of 59 atoms and 474 electrons to be only ∼ 30 meV. The smallness of

the correction is due to the STO’s high polarizability[58] and the neutrality of its SrO and

TiO2 planes, making the dipole corrected results accurate. An initial unit cell length of 3.944

Å was used, which was found by curve-fitting the ground state energies of bulk STO to find

the minimum. This value is about 1% higher than room temperature bulk-STO cubic phase

value (3.905 Å). The Brillouin zone was sampled with a maximum of 5×15×1 k-point mesh

for the self-consistent cycles[85]. Forces were converged to less than 10 meV/Å for each ion.

Local Coulomb repulsion of Ti 3d electrons was accounted for within GGA+U approach with

UTi = 2 eV[13]. The PBE functional and the PAW potentials reproduce fairly well the bulk

behavior of STO in the cubic phase and in the antiferrodistortive (AFD) tetragonal phase

while being limited to the accuracy of the PAW PBE methodology. The nature of the Ti d

bands in bulk are correctly reproduced although the gap is underestimated (2.1 eV in PBE

as opposed to 3.2 eV experimental value).

We study slabs with various oxygen vacancy (Ov) patterns and multiple surface vacancy

densities, namely nv (= 1/4, 1/6, and 1/8). We find that for a given density, the surface

oxygen vacancies prefer to order in periodic striped arrays such as the one shown in Fig. 4.1.

In addition, Fig. 4.2 shows the particular stripe configuration which is most stable for a range

of oxygen chemical potential, and our main results for the electronic structure are on this nv

= 1/6 stripe configuration. nv = 1/4, nv = 1/6 and nv = 1/8 stripe configurations produce

qualitatively similar electronic structure. The non-stripe configurations are higher in energy

by ∼ 0.2 eV for nv = 1/4 per four STO-layer thick supercell. We show in Fig. 4.3 all the
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Figure 4.1: (color-online) (a) Four layers of atomically relaxed STO bounded in
the (001) direction by an SrO surface on one side and a TiO2 surface on the other
side forming a 3× 1 supercell with an imposed 1/6 surface Ov coverage in a stripe
configuration. The presence of the oxygen vacancies (the sites of which are denoted
by the two red circles) cause the tetrahedra at the TiO2 surface to buckle and push
both the O and the Ti atoms away from the lower layers. The Ti-Ti bond length
at the surface is larger by about 0.3 Å along the x-axis as compared to that along
the y-axis. (b) Top surface head-on view of the superlattice structure of oxygen
vacancy ordering in periodic arrays.
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Figure 4.2: (color-online)(a) Stability graph of the striped vacancy pattern dis-
cussed in Fig.4.1 with different surface Ov densities. All three densities produce
similar sub-surface 3dxy bands near the zone-center but differ in the magnitude of
the magnetic moments. (b) Top view of the various Ti(m)O(n) units at the TiO2

surface with one oxygen vacancy per u.c., showing (i) a 2× 1 u.c. with one elimi-
nated O atom at (0.50, 0.50) creating a stripe of missing oxygen atoms along the
y-axis (Ov surface density nv = 1/4) and giving each Ti atom exactly one nearest
neighbor vacancy, (ii) a 3 × 1 u.c. with one eliminated O at (0.33, 0.50) causing
a similar vacancy stripe but with lower density (nv = 1/6), and (iii) a 4 × 1 u.c.
with one eliminated O at (0.25, 0.50), creating vacancy stripes with a Ov surface
density of nv = 1/8.
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Figure 4.3: (color-online) (a) A four STO-layer slab with
√
2 ×

√
2 (dimerized)

vacancies, causing each surface Ti to have one nearest neighbor vacancy. (b) A
2 × 1 configuration with chains of vacancies in the y-direction. The configuration
(b) contains two different types of surface Ti, one with no nearest neighbor vacan-
cies, and the other with two nearest neighbor vacancies. Both configurations have
doping level nv = 1/4 (25%). (c) Stripe configuration, nv = 1/4 and (d) stripe
configuration, nv = 1/8.
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Table 4.1: Magnetic moments of surface Ti atoms and of those one layer below the
surface, in units of µB. For nv = 1/6, Ti(1) refers to the atom closest to the O
vacancy, and Ti(2) refers to the atom farther away.

1/4, 1/6, Ti(1) 1/6,Ti(2) 1/8 dimer 2× 1
Surface-layer 0.371 0.142 0.264 0.000 0.367 0.000
Second-layer 0.023 0.053 0.118 0.000 0.047 0.000

vacancy configurations studied. The nv (= 1/4, 1/6) stripe and the dimer configurations

have stable magnetic moments at the spin-GGA level, while the nv = 1/8 stripe and the

2×1 configurations have no noticeable magnetic moments. In Table 4.1 we list the magnetic

moments of the surface and sub-surface Ti atoms for all the systems under consideration.

Note that for the nv = 1/4 stripe configuration, all surface Ti atoms have identical environ-

ment and equal magnetic moments. For nv = 1/6 stripes, the Ti atoms next to the oxygen

vacancy have less magnetic moment than the Ti with all nearest neighbor oxygen atoms

present.

4.2 Electronic and magnetic properties at the stripe

order STO surface

In bulk SrTiO3, the conduction d-bands have a smooth kz dependence and is made out

of a superposition of states from every Ti atom. In a (001) slab of thickness L, the kz vector

does not exist, and the dispersive Bloch band is replaced by a series of bands with different

Γ-point energies. Each of these subbands now have unequal contribution from each Ti atom

depending on the atom’s z-index. The Q2DEG has been associated with a band bending

of around 300 meV[115, 82]. Confinement in this potential lifts the degeneracy between

the Ti 3dxy of individual TiO2 layers and replaces the smooth kz dependence in bulk by a

series of light parabolic subbands. The number of subbands scales with the number of layers

in the slab. Oxygen vacancy has two effects on this ground state: it dopes the low lying

subbands, producing concentric rings on the Fermi surface near the zone center, and it lifts
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the spin-degeneracy of each subband by different magnitude. We show this for nv = 1/6 in

Fig. 4.4.
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Figure 4.4: (color-online) The near-Γ spin-GGA band structure of the 4 STO-
layer with striped vacancy configuration (nv = 1/6). Up-spins bands are denoted
with solid lines and corresponding down-spin bands denoted with dashed lines. The
3dxy bands are light and dispersive, while the 3dxz and the 3dyz are heavier and less
dispersive due to confinement in the z-direction, which also produces the observed
level quantization of states.

4.2.1 Identification of surface states and the infinite slab
thickness limit

For each of the four, five and six STO-layer thick slabs with stripe order vacancies,

we find multiple parabolic spin pair of bands several hundred meV below the Fermi level.

These deeper occupied states near the zone-center, which are strongly 3dxy in character,

host a Q2DEG but contribute a relatively small part to the net magnetic moment. This

seemingly contrasts with the fact that ARPES observes[103, 116] only one light subband

pair. The paradox is resolved by the fact that only the lowest two spin pairs of subbands are
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significantly bound to Ti atoms close to each surface, and only one out of those two pairs

is localized strongly near the TiO2 surface on which ARPES measurements are taken, as

we shall demonstrate. This is a consequence of the (001) surfaces, which create a confining

surface potential. There will be quantum wells of noticeable depth at the TiO2 surface and

at the SrO surface with bound states in each. These states are found to have the lowest

energy and the wavefunctions corresponding to them will decay exponentially outside the

wells with characteristic length scales ξ and χ, respectively. As we change the slab thickness,

as long as ξ << L and χ << L, the finite size effect of these bound surface states will be

exponentially small. However, the other subband states unbound to the surface potential

wells will be affected no matter how big L is because the wavefunctions always vary over a

distance L. Therefore, in our problem we expect two types of states. Those bound states

which have weak finite-size effects and those unbound states which no matter how big L is,

they will continually change until they form a continuum which will give rise to the (001)

dependence of the bands in the bulk limit.

This is almost exactly what we find in our study. Fig. 4.5 shows the near zone-center

bands of a four STO-layer and a six STO-layer slab for nv = 1/4 . The lowest two spin-pairs

correspond to the bound states close to the SrO and the TiO2 surface respectively in both

cases and the impact of the slab thickness on them is minimal. The six STO-layer slab

has more subbands of dxy character unbound to either surface wells, but most of these are

away from the depth-range of SARPES (to be demonstrated in Fig. 4.6 for five STO-layer

slabs), and the band structure near the Fermi level near the surface is the same between the

four and six STO-layer slabs. As the slab thickness increases, the surface states, which are

strongly Ti 3dxy in character, separate from the extended bulk states. Hence we believe that

our main results and conclusions presented here, which are obtained from slabs containing

only four STO-layers and surface Ov density nv = 1/4, 1/6 (Fig 4.1) may be applicable to

the semi-infinite system.

In Fig. 4.6 the orbital and site-projection of the lowest four spin-pairs of bands around

the Γ point and along ky for the five STO-layer slab with nv = 1/4 at the GGA level is

illustrated with band 1 being the deepest pair. The colors signify the orbital character of
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the band (red = dxy, green = dxz) and the unit cell along the horizontal axis is a reference

to the Ti site-location of these states inside the unit cell. One spin-pair is seen to have the

most localization near the TiO2 surface and is the experimental surface band pair within

the depth-range of ARPES studies. The higher subbands are more delocalized and have

a weaker surface contribution. However some surface contribution from the next pair of

subbands is also visible. Furthermore, addition of an on-site Hubbard Coulomb-U in the

form of GGA+U repels the spins from one another in real space and causes the spin-pairs to

spread, as a result of which the up-spin and the down-spin bands are nested on neighboring

Ti atoms. This results in fewer bands near the TiO2 surface and the spin-gap is widened.

We demonstrate this in Fig. 4.7 which illustrates the near-Γ orbital and site projection

of the deepest corresponding occupied bands around the Γ-point for a five STO-layer slab

(nv = 1/4) slab (using U = 4 eV and J = 1 eV).

4.2.2 Electronic and magnetic properties of the surface

The pair of bands associated with atoms near the TiO2 surface, as identified in the

previous section, has a zone-center splitting of ∼ 48 meV at the GGA level and ∼ 70 meV

at the GGA+U (U = 2 eV) level. Around the Γ-point, they are 3dxy, except the heavy

sub-bands ∼ 50 meV below the Fermi surface (Fig 4.4), which are largely 3dxz and more

delocalized. The nature of these 3d bands are identical to those in DFT calculations with

symmetric slabs, further validating our use of asymmetric slabs.

By switching on the spin-orbit coupling (SOC) in the system, we find a slightly modified

near-Γ band structure for the four STO-layer slab, as shown in Fig. 4.8. The change in the

3dxy bands around the Γ point is negligible. The biggest effect of SOC can be seen in lifting

the degeneracy of the band-crossing at the corners, as expected. It preserves the net mag-

netic moment at the surface and the spin-polarization of the 3dxy bands around the Γ point.

At this mean-field level, SOC effect is predictably small enough so that the spin-orbit mixing

changes the spin-eigenstates only by a small amount and the spin up-down characterization

remains valid. The most important role of the spin-orbit coupling is that it simply selects the

direction of the effective internal “Zeeman field” (which splits our lowest energy bands within
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Figure 4.5: (color-online) Comparison of the near zone-center conduction bands of
oxygen-deficient (a) 4 layer STO and (b) 6 layer STO with nv = 1/4. Up-spin
bands are denoted by solid lines and down-spin bands by corresponding dashed
lines. The spin-split is maximum for the bands near the Ov surface and reduces as
we go deeper into the bulk.
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Figure 4.6: (color-online) Orbital and site-projection of the lowest 4 spin-pairs of
bands of a 5 STO-layer slab (nv = 1/4) around the Γ point and along ky, with
band 1 being the deepest pair. The site locations are shown by the crystal unit
cell aligned along the horizontal axis. On the graph, red is dxy and green is dxz.
Up-spin is above the axis and is shown in filled circles whereas down-spin is below
the axis and is shown in empty circles. The position of the missing oxygen on the
surface is shown with a red circle. Each dxy subband can be seen to prefer different
TiO2 planes. The deepest pair of bands is the Ti dxy near the SrO surface and the
next deepest pair is Ti dxy next to the TiO2 surface. They are the bound states
and are the most localized.
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Figure 4.7: (color-online) Orbital and site-projection of the lowest 4 spin-pairs of
bands of a 5 STO-layer slab (nv = 1/4) around the Γ point and along ky, with band
1 being the deepest pair. A GGA+U scheme has been used. The site locations are
shown by the crystal unit cell aligned along the horizontal axis. On the graph,
red is dxy and green is dxz. The position of a missing oxygen on the surface is
shown with a red circle. The Coulomb term causes the spins in a pair to move
away from each other in real space, but the quantization effect of the confining
potential is maintained. Up-spin is above the axis and is shown in filled circles
whereas down-spin is below the axis and is shown in empty circles.
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Figure 4.8: (color-online) The near-Γ band structure of the oxygen-deficient 4 layer
STO (nv = 1/6) with spin-orbit coupling included. Up-spins are denoted with
solid lines and down-spins denoted with dashed lines. The change in the dxy bands
around close to the Γ point is negligible. The biggest effect of SOC can be seen in
lifting the degeneracy of the band-crossing at the corners.
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our GGA-spin calculation) to be perpendicular to the orbital angular momentum x−y plane.

For the stable stripe configurations with nv = 1/4 and 1/6, the magnetic moments in

the Ti atoms at the surface and in the layer below it produce an internal Zeeman field, in

which the level of doping and the magnetic moments are functions of the oxygen vacancy

density. Fig. 4.9 shows the total density of states (DOS) of a four STO-layer slab along with

the integrated up and down DOS as a function of energy as well as the orbital projected

DOS of one of the Ti atoms at the surface at the GGA level. We find that in the absence

of a Rashba term and at 1/6 Ov surface density, the low-lying 3dxy bands near the zone-

center carry finite but small amounts of magnetic moments. Most of the contribution to the

magnetic moment comes from heavier sub-bands away from the zone-center, and depend on

a reconstruction of the eg states. As we can observe in Fig. 4.9, the spin-polarized eg states

of the Ti atom next to a missing oxygen are pulled below the Fermi level and get mixed with

the t2g states. In contrast to the surface Ti atoms whose occupied states are a mix of t2g

and eg, the projected density of states in the Ti atom one layer below the surface (Fig. 4.10)

with nv = 1/6 shows far less polarization, with its occupied states being predominantly t2g

in character and located near the zone-center. Here the magnetic moment is an order of

magnitude less than that on the surface, and most of the polarization is in the dxz state.

The splitting of the eg states and their mixing with the t2g states give the surface Ti atoms

a magnetic moment (with magnetic moments for the two nonequivalent surface Ti atoms

given by MT i(1) = 0.142 µB and MT i(2) = 0.264 µB) each for nv = 1/6.

4.3 Inclusion of the Rashba coupling

The band picture shown in Fig. 4.4 does not take into consideration the Rashba effect,

which couples spin with momentum. In the existence of strong fields caused by surface

termination and oxygen vacancy, inversion symmetry is lost and the octahedra buckle, caus-

ing previously forbidden hopping channels to open. This, coupled with a strong spin-orbit

coupling[57] produces a prominent planar Rashba effect. For the band pair localized on the
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Figure 4.9: (color-online) (a) Total up and down DOS of a four STO-layer slab
with 1/6 Ov surface density at the TiO2 surface. The zero is the Fermi level at
the present level of doping. (inset) Integrated up and down dos, showing the onset
of magnetism at ∼ 300 meV below the Fermi level. (b) Projected DOS of the 3d
orbitals of a surface Ti atom next to an oxygen vacancy. The occupied polarized
states are a mixture of spin-polarized t2g and eg located around the S-point of the
BZ.
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Figure 4.10: (color-online) DOS of the 3d states of a Ti atom one layer below the
oxygen-deficient TiO2 surface (nv = 1/6). The occupied states around the zone-
center are t2g in nature. At this GGA-level, the dxy states carry negligible magnetic
moments, and most of the spin-polarization is in the dxz state.
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Figure 4.11: (color-online) (a) The result of fitting the experimentally
determined[116] spin x-component via a chi-square fit to the form given by Eq. 4.3
indicating a large planar Rashba coupling near the surface. (b) The spin pair
of near-surface GGA bands of the four STO-layer slab after applying a Rashba
spin-split term using Eq. 4.2 as compared to the experimental results[116]. Other
occupied dxy bands are deeper inside the slab and are omitted in this figure. (c)
The same as in (b) using the bands by GGA+U. The black solid line is the result of
GGA or GGA+U without spin-relaxation. The green and red solid (dashed) lines
are obtained with GGA or GGA+U after spin-relaxation for down (up) with and
without the Rashba interaction respectively.

46



Ti atom one unit-cell below the oxygen deficient surface, this effect can be modeled using a

simple 2-D Hamiltonian for small values of k. Written in the basis of Ti 3dxy Bloch states

and Sz eigenstates, the Hamiltonian is:

Ĥ = ǫGGA(~k)1̂− α(σxky − σykx)− hσz, (4.1)

where α is the Rashba parameter, σx, σy and σz are Pauli matrices, 1̂ is the unit matrix, and

the last term is the Zeeman term due to an effective internal mean field in the z-direction

which is responsible for the spin-splitting the bands which we found by allowing for spin-

and lattice relaxation within the GGA and GGA+U. In the absence of an external magnetic

field, both magnetic directions along the z-axis are equally likely, and we use h = ±|h| to
account for ferromagnetic domains that average to zero in a macroscopic measurement like

SARPES[116]. Here ǫGGA(~k) is the band structure obtained as the average between the

lowest two near-surface subbands close to the oxygen deficient TiO2 surface obtained in our

DFT calculation which correspond to spin-up and spin-down states, and the value of this

field will be chosen to reproduce the energy splitting of these two lowest bands. In addition,

ǫGGA(~k) is very close (apart from a constant) to the results of our DFT calculation when we

do not include spin. The eigenvalues of this Hamiltonian are

e±(k) = ǫGGA(~k)± |h|∆(k); ∆(k) =
√

1 + γ2k2. (4.2)

where k2 = k2x + k2y and γ = α/|h|.
The corresponding expectation values of the spin components are as follows:





〈±|σx|±〉
〈±|σy|±〉
〈±|σz|±〉



 = ∓ 1

∆(k)





γky
−γkx

h
|h|



 . (4.3)

In Fig. 4.11 we compare the experimentally determined bands to the bands located on the

TiO2 layer immediately next to the oxygen deficient surface and obtained using Eq. 4.2 by

choosing the parameters in the following way. Fig. 4.11(a) shows the result of our fit of

the experimentally determined x-component of the spin to the form given by Eq. 4.3 where

the only fitting parameter is γ. The solid line is the result of our fit with γ = 17.045 Å.
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Fig. 4.11(b) is obtained using h = 24.2 meV as found by our spin GGA calculation and the

value of γ = 17.045 Å determined by the previously discussed fit. This implies that the

Rashba parameter is 412 meVÅ for the given value of h.

Fig. 4.11(c) is obtained using h = 35.5 meV as found in GGA+U calculation for a four

STO-layer slab and α = 300 meV Å, illustrating a better agreement of the zone-center gap

and the momentum dispersion of the bands with experiment.

We note that there is a possibility that SARPES overestimates the spin polarization

by not accurately estimating the quasiparticle spectral weight away from the peak of the

spectral function: it is clear that the quasiparticle function is widely spread around the peak

and, thus, the part of the spectral weight away from the peak can hide under the contribution

of tails from other nearby bands. In such case the estimation of the Rashba parameter can

be significantly affected.

The photo-excitation process itself mixes states with different angular momentum com-

ponents, which depend on the light polarization, causing a rotation of the electron spin-

polarization through the spin-orbit coupling term. Thus, the expectation value 〈σz〉 picks up
a contribution proportional to 〈σx〉 and/or to 〈σy〉. In the absence of an external magnetic

field, the average value of the term proportional to h over the entire surface is expected to

be zero. This can explain that the expectation value of 〈σz〉 measured in the SARPES study

has a k-dependence similar to that of 〈σx〉 or 〈σy〉.

4.3.1 Electronic specialization and the minimal surface picture

Our ab initio calculations predict very interesting patterns of Ov ordering on the (001)

STO surface which lead to a small ferromagnetic moment of the surface Ti atoms. Further-

more, major experimental characteristics of the STO surface can be qualitatively reproduced

by a GGA (and GGA+U) spin calculation where we have included the effects of the planar

Rashba coupling. The underlying symmetry breaking and the presence of a quantum-well

potential near the surface give rise to discrete energy bands in the (001) direction. When

surface oxygen vacancies are introduced and the structure is relaxed within a spin-dependent

GGA, bands near the TiO2 surface emerge characterized by a dispersion near the zone center
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similar to that observed by recent SARPES studies. More importantly, we find that the fully

relaxed GGA calculation opens a spin-gap at the zone center, which is further enhanced by

adding a moderate U in a GGA+U calculation. The contribution to the magnetic moments

come primarily from the neighborhood of the S and X points in the BZ, and localized at

the reconstructed t2g and eg of the Ti atoms at the oxygen deficient surface (Fig. 4.12).

There are thus two types of electronic contribution: one from the Ti atoms close to the

vacancies which are important near the S and X points and carry most of the magnetic

moment, and another which gives rise to the 2DEG near the zone-center with very little

magnetic moment.

At the spin-GGA level and at the present high levels of doping, the system is weakly

ferromagnetic. Therefore, it is reasonable to assume a theoretical framework whereby we

identify with these 3dxy bands those seen in the most recent SARPES study[116]. Then by

taking these bands as a starting point we turned on a planar Rashba term, the lowest lying,

closest to the TiO2 surface 3dxy bands qualitatively reproduce the experimental SARPES

results[116] for the energy bands close to the Γ point. Furthermore, they reproduce the

momentum-spin correlations in the x and y directions seen in SARPES and they have no

net magnetic moment in the x− y plane.
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Figure 4.12: (color-online) The planar BZ band structure of the oxygen-deficient
four STO-layer slab with nv = 1/6. Up-spins are denoted with solid lines and
down-spins denoted with dashed lines. The lowest occupied pair of spin bands is
degenerate near the Γ point and is contributed by the Ti atoms away from the
oxygen deficient TiO2 surface. The second lowest spin-split payer comes from the
Ti atoms one layer below the oxygen deficient TiO2 surface, which are the bands
of interest. The majority of the magnetic moment comes from the BZ corner and
edge where the states are localized on the doped TiO2 surface as a mixture of t2g
and eg with a considerable spin-split.
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CHAPTER 5

INTERFACE BETWEEN A LAYERED
PEROVSKITE AND A METAL

5.1 Overview and stability of the interface between

Sr2RuO4 and Ru-metal inclusion

Scanning Transmission Electron Microscopy (STEM) images of a representative interface

between the metal oxide Sr2RuO4 and the metal Ru are shown in Fig. 5.1. The platelet

inclusions are Ru metal, which are the result of excess Ru (more RuO2 in the mixture than

needed to make stoichiometric SRO) in the initial mixture. Experiments find that this pat-

tern is characteristic and is thus preferred over other forms of interfaces[141]. We notice

that this stable interface is perpendicular to the SRO bulk crystallographic a axis and has

alternating intact meandering Ru-O octahedra, which can be conceived as continuations

of the bulk SRO RuO2 planes. As seen in Fig. 5.1, the Ru ions of the metallic interface,

without any significant change of the unit-cell size, form an interface at a commensurate

wavelength nearly twice that of the SRO unit-cell size in the [001] direction (corresponding

to eleven unit cells of pure Ru crystal). The commensurate growth leaves a small lattice

mismatch between the SRO layers near the interface and those deeper in the bulk. This

causes a strain that grows with system size until it becomes energetically favorable to pro-

duce dislocations[140] relieving the strain. As seen in the transmission electron microscopy

(TEM) images in Ref. [140], the dislocations are structures which occur, for a sharp and

flat interface, over a length scale longer than that visible in Fig. 5.1. These structures are

beyond the scope of our present ab initio calculations and we focus here on the microscopic

length scale at which the interface is free of dislocations.

51



STEM image provides great information on the interface structure but leaves an ambi-

guity on any oxygen atom near the interface and the Ru atom positions in the SRO [010]

direction which is perpendicular to the STEM field of view. This is the first item to address

by means of our DFT calculations, the technical details of which are discussed later. By

examining various possibilities, we find that in their optimum positions, the Ru pair columns

bridge diagonal oxygen atoms of the terminating SRO layer. On one side of the interface

these Ru pair columns form a similar type bond to oxygen atoms as the 1.95 Å Ru-O bond

in the rutile phase of RuO2, and on the other side they have an hcp Ru metal environment.

This arrangement leaves the meandering SRO termination layer unchanged subject to ionic

relaxations, and is consistent with the experimental image in Fig. 5.1. Therefore, we believe

that this part of our DFT study complements the STEM image and we now have a complete

picture of the structure of the interface.

The implementation of the observed structure by DFT calculation ideally requires at

least eleven bulk unit cells of the hcp Ru metal phase commensurate with two conventional

bulk unit cells of the SRO along the SRO [001] axis, and at least six bulk unit cells of the

hcp Ru commensurate with four bulk units cells of the SRO along the SRO [010] direction.

Such a supercell proved computationally unfeasible, particularly due to the large number of

ruthenium atoms. Instead, to keep the supercell size reasonable, we used a supercell geom-

etry with a stretched unit cell length of 13.52 Å along the SRO [001] direction and double

the SRO bulk unit cell length in the SRO [010] direction.

In this reduced supercell containing 128 atoms, shown in Fig. 5.2, one conventional bulk

SRO unit cell is commensurate with six bulk hcp Ru unit cells along SRO [001] and two bulk

SRO unit cells are commensurate with three bulk metal unit cells in the SRO [010] direction.

The atoms have been relaxed to their final positions. This geometry stretches the SRO c-axis

by 5 % and compresses the a, b axes of the hcp Ru by 4 % each. The apical O(2) height is

increased from 2.06 Å to 2.09 Å. In Fig. 5.3 we show the SRO b−c plane of the two layers of

the SRO-Ru interface formed by the interface Ru pair columns and the terminating layer of
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the hcp metal. Even though we will use this smaller super-cell in our DFT implementation,

by carrying out various types of optimization calculations it will become reasonably clear

that the observed structure is indeed the most energetically favorable among various other

plausible atomic configurations.

Table 5.1 summarizes our stability analysis results. We describe the procedure and the

notations below.

First, we find that the energy needed for breaking apart the interface of our reduced

structure to create the two constituent slabs - SRO with [100] surfaces and Ru metal with

[001] surfaces (Fig. 5.4 and denoted by“slabs” in Table 5.1) - to be 13.16 eV, a significant

amount of energy.

Second, we compare the energy of our reduced structure to the energy of a similar super-

cell but with flat SRO [100] - Ru [001] interface (shown in Fig. 5.5 and denoted by “flat” in

Table 5.1) which we compute by bringing the SRO and Ru phases closer in small steps and

relaxing the ions around their positions to find the minimum of the energy. We find that this

supercell is higher in energy by 8.37 eV compared to our reduced meandering geometry in

Fig. 5.2. Thus the meandering octahedra and the interface ruthenium columns are necessary

to stabilize the interface. In both the above calculations, there are 128 atoms on either side

of the equation and we account for the balance of atoms in the non-meandering structures

by putting the extra Ru pair columns of the interface in a ruthenium bulk phase, which is

the most stable ruthenium phase. To describe why the meandering Ru interface columns are

necessary, consider the two interface layers (b − c plane of SRO) in Fig. 5.3. We note that

the interface Ru columns form a rectangular planar lattice (which is commensurate with

the same periodicity of our reduced interface geometry) adjacent to the triangular lattice of

the terminating Ru metal plane. Furthermore, the interface Ru pairs to a large extent are

situated in potential valleys where the atoms of the next Ru hcp layer would have been in

absence of an interface.

Third, having established the necessity of the meanders, we argue that the larger in-

terface with eleven unit cells of Ru-metal in the SRO [001] direction and six Ru-metal unit
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cells in the SRO [010] direction is more stable than our computed reduced interface as follows.

The reduced geometry suffers from artificial planar compression of its Ru metal phase

and uniaxial strain of its SRO phase but it accommodates the interface Ru pair columns

in the grooves created by the terminating hcp Ru layer. By sliding the Ru metal phase

across the interface in Fig. 5.2, we find that this is indeed an energy minimum. The larger

experimentally observed periodicity breaks this symmetry and at least some of the Ru column

pairs are misaligned with respect to the hcp layer. This leads to frustration in the terminating

hcp layer of the metal, as can be observed directly in Fig. 5.1. To a first approximation, the

price of lattice length manipulation can be calculated by computing the sum of the individual

energy losses caused by separately compressing an ideal Ru metal slab and stretching an ideal

SRO slab (Fig. 5.4) to their respective values necessary to create the reduced supercell shown

in Fig. 5.2. We find this energy to be 8.54 eV. On the other hand, the energy loss due to

non-alignment of the Ru interface pair columns in the experimentally observed geometry

can be upper bounded by sliding the Ru metal layers of the reduced geometry along the

interface, thus moving the Ru pair columns away from the potential valleys of the hcp layer,

until we reach an energy maximum.

The maximum cost of misalignment of the interface Ru pair columns is 4.49 eV, less than

the cost of stretching and compressing the constituent phases. It follows that in any inter-

face between the SRO (100) surface and Ru (001) surface, meandering Ru interface columns

with the experimentally observed periodicity is the most stable structure. We denote this

configuration in which the SRO slab is compressed and Ru metal is stretched, but as a result

the interface will be aligned, as “aligned” in Table 5.1.

As a final part of our stability argument, we consider the possibility that there can be

other types of interfaces without these interface Ru columns which are more stable than ours.

In particular, the (001) surface of SRO can be cleaved with a terminating SrO or RuO2 layer

and its interface with a ruthenium hcp layer can be conceived. We show in Fig. 5.6 a com-

mensurate geometry at the interface, in which a 5 × 6 RuO2 superstructure (defined along
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the SRO a and b-axes respectively) is commensurate with a 7×5 superstructure of the metal,

after accounting for a 0.8 % uniaxial strain on the Ru metal. Most of the atoms of each

phase in this superlattice are randomly oriented with those of the other phase and therefore

each layer at the interface will experience the laterally averaged potential of the other layer.

This is arguably a small energy gain of the order of a few tens of meV for each SRO formula

unit. In fact, any interface without the periodic meanders observed in our experiment is

likely to be disfavored for the same reason. A straightforward GGA computation shows

that our reduced structure is lower in energy by 1.72 eV compared to the sum of energies

of a Ru metal slab similar to that shown in Fig. 5.4(b) and the appropriate amount of bulk

SRO ( the sum is denoted by “bulk” in Table 5.1), a surprising result. The experimentally

observed superlattice should be even more stable. We conclude therefore that the observed

meandering interface is favored even over phase separation of the eutectic mixture between

bulk SRO and Ru. Therefore, we cannot think of any other interface which can compete

with the one observed by our STEM study.

Lastly, the following question arises. Since we find that the observed interface lowers the

energy with respect to bulk SRO and a semi-infinite Ru metal, why the system does not try

to create more such interfaces and instead it grows mesoscopic size inclusions. Indeed, our

findings indicate that the lowest energy state of such a system of SRO with excess Ru metal

should be a state with a high density of such interfaces separated by a microscopic-size length.

However, the combined system was created under non-equilibrium conditions of the eutectic

mixture which do not allow for the system to search for a global lowest energy state. First, at

a relatively short-time scale the free energy is only locally minimized and, then, the system

freezes in a macroscopic state of domains which require an overwhelmingly large amount of

time to find the state which is the global minimum. More specifically, once a few layers of

Ru metal have grown, it becomes locally energetically favorable for more Ru atoms from

the excess of Ru, to attach themselves to those existing Ru metal layer. Forming another

interface which combines a simultaneous and coherent arrangement of many atoms is a much

slower process (i.e., a low entropy state) than simply adding to the existing Ru metal layer an
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additional single Ru atom. This means that the path to the actual ground state is “narrow”

and requires a very slow process and, as a result, the system gets stuck in other metastable

local free-energy minima. Thus, although a high density of such interfaces is preferred by

taking into consideration just the energy of the system, the meandering termination layer

of SRO with intact RuO2 octahedra and interface Ru columns are long-range phenomena

generally suppressed by the large entropy present in the high temperature eutectic mixture.

Table 5.1: Total energy per unit interface area using the conventional unit cell of
Sr2RuO4 as one unit. Etot is defined relative to the most stable state, namely the
interface with meanders. For details about the notation, please see Sec. 5.

Configuration slabs flat aligned bulk
Etot (eV) 3.29 2.09 1.01 0.43

5.2 Computational details

We performed Spin-GGA computations using plane-wave basis set (cutoff of 540 eV) The

4s, 4p, 5s electrons of strontium, the 5s, 4d, 4p, 4s electrons of ruthenium and the 2s, 2p

electrons of oxygen were treated as valence electrons. The Brillouin zone of the 128-atoms

supercell with the meandering interface geometry (Fig. 5.2) and the 124-atoms supercell with

flat interfaces (Fig. 5.5) were sampled with 1× 6× 4 k -point grid, and 60 k -points were used

to compute the electronic density of states (DOS). Increasing the k -point grid from 1×6×4

to 1×7×5 leads to a negligibly small change of the total energy of the meandering interface

geometry by 0.04 eV and an increase of the moments of the magnetic ruthenium atoms by

0.08 µB. The 70-atoms SRO slab (Fig. 5.4(a)) is 2.5 layers thick with symmetric 2× 1 b− c

surfaces. We have used a tetragonal geometry with b = 3.90 Å and c = 12.90 Å for them,

and sampled the Brillouin zone with a 1 × 8 × 4 k -point grid. For the 54 atoms Ru metal

slab (Fig. 5.4(b)) which is 1.5 layers thick with a 6× 3× 1.5 structure, we have used an hcp

unit cell length of 2.739 Å and sampled the Brillouin zone with 4× 8× 1 k -point grid. For

both the slabs, we have used a vacuum layer at least 15 Å thick. All the supercells were
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structurally relaxed while keeping the cell shape and cell volume fixed until the forces were

converged to less than 10 meV/Å for each ion.

5.3 Electronic properties

Our computed geometry (Fig. 5.2) shows a 1.8◦ rotation of the RuO6 octahedron on the

RuO2 planes along with small amounts of buckling. The number of atoms and electrons

in the supercell prevent us from sampling the Brillouin zone with enough k-point accuracy

to compare various magnetic orderings. Various magnetic ordering differ from each other

by only a few meV and their accurate study require an extremely dense sampling of k-

points[133, 40]. Therefore we limit ourselves to the q = 0 state, which we find to be lower in

energy than the nonmagnetic state. We find no magnetic moments in the interface columns

of Ru atoms and metallic phase Ru atoms, but strong magnetic moments in the Ru atoms

(MRu = 1.532µB) in the SRO phase. GGA calculations have previously predicted[79] surface

ferromagnetism in SRO where it was stabilized by a large (9◦) surface octahedra rotation and

consequent band narrowing. To ensure that this is not purely an effect of the (001) strain,

we have performed spin-GGA calculations of bulk SRO with stretched c-axis values. We find

in such a system the octahedra rotations are absent and the ground state is ferromagnetic

but with much smaller magnetic moments (MRu = 0.220µB). Since we consider only trans-

lationally invariant q = 0 states, the possibility of complex nonzero q states cannot be ruled

out. Furthermore, GGA does not correctly account for correlations, so the magnetic picture

is to be taken with caution.

In the interface Ru atom columns, there are two different types of RuO2 bonds in each

pair. One has bond angle close to 90◦ and Ru-O bond length close to the planar Ru-O(1)

bond length, whereas the other has bond angle ∼ 115◦ and Ru-O bond length ∼ 1.83 Å.

Both Ru atoms lack the planar square lattice coordination and are expected to have different

orbital structure compared to those in SRO. We find the interface Ru atoms in a +3 valence

state, consistent with a Bader[127] charge analysis. We also see significant t2g-eg mixing in
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each of them. Figure 5.7 shows the density of states of the Ru atom which has a RuO2

bond angle of ∼ 115◦. Both the dx2−y2 and dz2 states are pulled down below the Fermi level

and mixed with t2g orbitals. t2g − eg mixing was found at the well-studied SrTiO3/LaAlO3

interface[98], where an eg splitting was caused by oxygen vacancy and gave rise to magnetic

order. Here, it is caused by severe Ru-O hybridization and non planar RuO2 geometry.

In contrast to a ruthenium atom of the interface column, the Ru atoms in the SRO phase

are located at the center of an oxygen octahedra. Due to crystal field symmetry, they have

a clear t2g-eg split, as can be seen in Fig. 5.8. The t2g orbitals are clearly spin split, causing

the significant magnetic moments discussed in the main text. This picture is in contrast to

the SrTiO3/LaAlO3 interface[98], where an eg splitting is associated with magnetic order.

Fig. 5.9 shows the partial density of states of an oxygen atom bonded to one of the in-

terface column ruthenium atoms showing a Fermi level contribution of all three p-orbitals.

The orbital character is determined by the unique coordination number of the Ru atoms

at the interface and makes is marked by an absence of octahedral symmetry and enhanced

hybridization.

5.4 Implications for superconductivity

Superconductivity in Sr2RuO4 is believed to arise from pairing within the RuO2 lay-

ers. The interlayer coupling between RuO2 planes is very weak which is expected to lead

to large amplitude phase fluctuations of the order parameter as is the case of the Cuprate

superconductivity[15]. These phase fluctuations lower the value of the superconducting tran-

sition temperature. In the case where inclusions are present, a remarkably ordered interface

geometry between tetragonal unconventional superconductor Sr2RuO4 and hexagonal closed

pack metal Ru has been discovered as illustrated in both our STEM images of Fig. 5.1

and justified by means of our DFT calculations (Fig. 5.2) which also reveal the structure

along the perpendicular direction as illustrated in our derived highly ordered structure of
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Fig. 5.3 (a direction which is hidden from any STEM study). These interfaces with a metal-

lic inclusion clearly should lead to an effective interlayer Josephson junction coupling of the

superconducting order parameter which reduces these phase fluctuations. This coupling pro-

duced by these ordered inclusions should thus lead to an enhanced Tc as observed in the

“3-K” phase. We believe that the reason for the enhancement of Tc due to the inclusions is

different from Sigrist and Monien’s[125] phenomenological model and from the reason that

causes strain driven increase of Tc in pure bulk SRO as seen in Ref. [44]. In the latter case

the increase is due to the fact that the strain affects the symmetry character (i.e., px + ipy)

of the superconducting order parameter as argued in Ref. [44].

It has been shown experimentally[73] that inclusions increase the interlayer coherence

length and significantly reduce the anisotropy of superconductivity: ξab(0)/ξc(0) = 3.6 in

the “3-K” phase with metals inclusions as compared to 20 for the 1.5 K phase SRO.

We have managed to use our DFT methods to investigate and understand a remarkably

ordered interface geometry between the tetragonal unconventional superconductor Sr2RuO4

and hexagonal closed pack metal Ru formed as metallic inclusions during the growth process

of the superconductor. Using DFT, we have correctly reproduced the experimental structure

including the positions of interface oxygen atoms and along directions hidden to any STEM

study and investigated the electronic structure of the interface. We have found rotated

octahedra, modified Ru d-orbitals and enhanced magnetic moments near the interface in the

SRO phase. An accurate study of the magnetic ordering of an interface such as ours, with a

large number of electrons, is beyond present computational capability. However, if we take

seriously a) our finding, i.e., that the Ru-atom magnetic moments near the interface are

increased as compared to bulk, and b) the suggested pairing mechanism due to paramagnon

exchange[81], one might not exclude the possibility that the assumption a) leads to an

increased electron-paramagnon coupling and as a consequence to a Tc enhancement in the

spin-triplet pairing channel. While this scenario is possible, we believe that our observation

and calculations discussed in the previous two paragraphs are more likely to be the cause of

the enhancement of Tc due to the inclusions.
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Figure 5.1: (a) Scanning electron microscope image of a cleaved (001) Sr2RuO4 bulk
crystal containing parallel Ru micro-platelets (brighter contrasted short lines). (b)
HAADF-STEM image of the Sr2RuO4/Ru interface at lower magnification showing
an atomically straight and sharp super-structured interface, where the brighter
region on the left is the Ru metallic inclusion and on the right is the Sr2RuO4

phase. The brightest spots are Ru followed by Sr. O atoms are too faint to be
observed. There is no concentration gradient of SRO or Ru on either side of the
interface. (inset) Close up view of the interface at higher magnification, where the
atomic structure is clearly revealed. The HAADF-STEM images were taken with
a probe of 0.078 nm and a convergence semi-angle of 21 mrad and inner collection
angle of 78 mrad. Brighter-contrast atoms are Ru atoms while Sr atoms are less
bright. 60



Figure 5.2: (color-online) Sr2RuO4-Ru supercell used for spin-GGA calculations
of the heterojunction as generated by VESTA software package. There are three
different Ru-O bond lengths: The Ru-O bond lengths in the interface columns are
the shortest, followed by the in-plane Ru-O(1) distances, followed by the Ru-O(2)
bond lengths. The interface Ru atoms columns mediate between the SRO phase
and the Ru metallic phase. We show part of the next repeated image for clarity.
SRO lattice vectors are shown.
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Figure 5.3: (color-online) The SRO b− c plane showing the two layers of the SRO-
Ru interface, formed by the interface Ru pair columns and the terminating layer
of the hcp metal. The unit cell lengths are slightly different from ideal bulk values
(with details in the text). The triangular lattice of the Ru metal layer and the
rectangular lattice of the interface Ru pairs are commensurate with 7.81 Å ×13.52
Å wavelengths in the SRO [010] and [001] directions respectively. The Ru columns
are situated in the low energy valleys of the triangular lattice. The experimental
wavelength is at least twice in each direction b and c with an increased fraction of
misalignment where some interface columns are located away from the hcp valleys,
but the idea of commensuration between a rectangular and a triangular lattice is
preserved.
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Figure 5.4: (color-online) (a) The 2.5-layer thick Sr2RuO4 slab with equivalent (010)
surfaces used to compute the energy of (001) linear strain changing the c-lattice
vector length from 12.9 Å to 13.52 Å while keeping the a and b-vectors same as in
bulk. (b) The 1.5-layer thick ruthenium metal slabs in its hcp structure with (001)
surfaces used to compute the energy of planar compression. The a, b lattice vectors
were each reduced from 2.73 Å to 2.61 Å . In both calculations we used at least 15
Å of vacuum between repeated images.
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Figure 5.5: (color-online) A hypothetical interface between SRO [100] and Ru hcp
[001] surfaces, created from the slabs in Fig. 5.4 by bringing them together gradually
and allowing the atoms to relax till the optimum interlayer distance at the interface
is reached. This geometry is similar to that in Fig. 5.2 except in the absence of the
Ru interface columns. The hcp c-axis is parallel to the SRO [100] direction. Part
of the next repeated image is shown for clarity.
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Figure 5.6: (color-online) A possible interface between (001) SRO and hcp Ru metal
with a 19.52 Å ×23.42 Å superlattice where after a 0.8 % strain on the hcp plane,
five planar unit cells of RuO2 is commensurate with seven unit cells of the Ru metal
in the SRO [100] direction and six unit cells of RuO2 is commensurate with five
unit cells of the Ru metal in the SRO [010] direction. Most of the atoms at the
interface are frustrated and experience the laterally averaged potential leading to
very little energy gain. Both SRO and Ru-metal lattice vectors are shown.
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Figure 5.7: (color-online) Ylm-projected density of states for a Ru atom from the
interface column pair. The atom has a O2 environment like in the rutile RuO2

phase with bond angle of 115◦ and Ru-O bond length of 1.83 Å. On the other
hand, it also neighbors the Ru metal closed-pack layer at the interface. Both these
environments influence its electronic structure.
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Figure 5.8: Ylm-projected density of states for a Ru atom in the SRO phase. The
eg orbitals are unoccupied and and pushed away from the t2g orbitals due to the
crystal field. The magnetic moments (MRu = 1.532µB) are a result of the t2g
spin-split. Spin-up is above the horizontal axis and spin-down below the axis. The
Fermi level is at zero.
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Figure 5.9: Ylm-projected density of states for a oxygen atom bonded to an interface
Ru. The Fermi level (placed at zero) is is occupied by all three p-orbitals.
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CHAPTER 6

OFF-STOICHIOMETRY IN PYROCHLORE
OXIDE

As a final part of our ab-initio analysis of complex metal-oxide structures, we study the

“stuffed” pyrochlore Yb2Ti2O7 which has extra Yb atoms in Ti sites compared to its stoi-

chiometric counterpart. This material combines the important features of the metal oxide

structures we studied in the last two chapters with added complexity of f -orbital electrons

and a naturally frustrated geometry of corner shared tetrahedra. As a first step, we compute

the ground state electronic band structure of pure Yb2Ti2O7, which compares fairly well

with the other DFT work on this material[24]. In the second step, we study the electronic

properties and oxygen vacancy stability of stuffed Yb2Ti2O7.

We perform Spin-GGA and Spin-GGA + U computations using plane-wave basis set

(cutoff of 520 eV). The 4s, 3d, 3p electrons of titanium and the 2s, 2p electrons of the

oxygen were treated as valence electrons. For ytterbium, the 4f, 6s as well as the semi-core

5s, 5p, 4s electrons were included. Yb2Ti2O7 belongs to the space group Fd3̄m (227) with

Yb and Ti both forming a lattice of corner sharing tetrahedra. There are two types of oxygen

in the unit cell, one in the Wyckoff f -site and other other type in the Wyckoff b site at the

center of the Yb tetrahedra. We consider systems with 22, 44 and 88 atoms in the unit cells

to study the role of stuffing and oxygen vacancy stability at various concentrations. The

stoichiometric system consists of four ytterbium atoms inside each unit cell. For the Yb

f -orbitals in these systems, we vary the parameter U between 0 and 6 eV to see it’s effect

on the electronic structure, and use values of 0, 0.8 and 1 eV for the on-site exchange J. We

use U = 2 eV and J = 0.8 eV for the Ti 3d orbitals. Changing the Ti U and J values do

not have a significant effect on the properties. For all off-stoichiometric systems, we fix U

and J values at UYb = 6 eV, JYb = 1 eV, UTi = 2 eV and JTi = 0.80. For each stuffing

concentration, we use lattice constants found by fitting experimental lattice constants values
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at various off-stoichiometry levels[65, 6]. Within this constraint, all the stuffed systems are

structurally relaxed till the forces were converged to less than 10 meV/Å for each ion. The

stuffed systems have an additional Yb atom substituting a Ti atom at the center of the

hexagon in the {111} Kagome plane (Fig. 2.3(b) in Chapter 2). We create vacancies in the

stuffed systems by removing an oxygen atom either in the Wyckoff f -site (neighbor of this

Ti atom) or in the Wyckoff b-site (center of the Yb tetrahedron) to study their stability and

their effect on the electronic structure.

The Brillouin zones for the stoichiometric systems with four Yb atoms in the primitive

unit cell, and its stuffed variants are each sampled with a 7×7×7 k -point grid. By increasing

the k-point sampling up to 9 × 9 × 9 for selected systems, we find the energy converged to

within 0.20 meV/atom. The Brillouin zone of the 44-atom systems are sampled with up to

6× 6× 3 k -point grids and that of the 88-atom systems are sampled with 3× 3× 3 k -point

grids.

In the 22-atom systems, we include spin-orbit coupling (SOC) to accurately represent

the electronic structure. Symmetry is turned off altogether when SOC is included, except

during the ionic relaxation cycles of the stuffed systems which are carried out without SOC

taken into consideration. SOC in these systems generate the Dzyaloshinsky-Moriya (DM)

interaction[133] between nearest neighbor Yb ions. Even though SOC in 4f orbitals is strong,

weak f -orbital hopping makes the DM interaction relatively small, as can be seen from the

value of the J4 parameter in the anisotropic exchange Hamiltonian[113]. From this point of

view, structural relaxation without including SOC is justifiable.

6.1 Crystalline, electronic and magnetic structure

6.1.1 Pure pyrochlore Yb2Ti2O7 crystal

For 4f electrons of the Yb+3 ions, SOC is strong and should be considered before crystal

field effects. The thirteen f electrons should have spin S = 1/2 and angular momentum

L = 3 according to Hund’s rule. The fourteen-fold degeneracy is lifted by SOC leading to
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Figure 6.1: Electronic band structure of pure Yb2Ti2O7 calculated using Spin-GGA
+ U + SOC method, for various values of U and J in Yb f orbitals, shown along
the crystal high symmetry lines. We use in (a) U = 0 eV, J = 0 eV , which gives
us a metallic ground state. In (c), we use U = 3 eV, J = 0.7 eV, which opens a
small gap. In (c), we use U = 6 eV, J = 1 eV.
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eight-fold degenerate J = 7/2 states and six-fold degenerate J = 5/2 states. The crystal

field further splits the J = 7/2 states into four Kramer’s doublet and the ground state can

be described by an effective S = 1/2 pseudospin. The thirteen electrons fill this manifold

creating one empty conduction band. Thus, we expect as many 4f -character bands near the

Fermi level as there are Yb atoms in the unit cell.
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Figure 6.2: Free energy of the oxygen vacancy process in stuffed Yb2Ti2O7 for 25%
and 12.5% Yb stuffing. Three different types of unit cells with chemical formula
Yb(2+x)Ti(2−x)O(7−δ) are shown and their free energies are compared with those of
the corresponding stuffed structures with no oxygen vacancy (δ = 0). The vacancies
are at Wyckoff f sites. The limits of oxygen chemical potential is shown by dotted
lines. We use UY b = 6 eV, JY b = 1 eV, UT i = 2 eV, JT i = 0.8 eV.

In Fig. 6.1(a), we plot the bands for the stoichiometric Yb2Ti2O7 with four Yb atoms in

the unit cell. We find that for low correlations in the 4f orbitals, the ground state is metallic.

This differs from the experimental result that Yb2Ti2O7 is an insulator which is either dark

red in color or clear transparent[6]. A moderate value of U ∼ 3 eV is needed to open up a

gap in the electronic spectrum, which we show in Fig. 6.1(b). Once the system becomes an

insulator, the qualitative features do not change with the value of U. For large correlation
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(U = 6 eV, J = 1 eV), we find in Fig. 6.1(c) a direct band gap of 0.52 eV, in moderate

agreement with a previous study[24] with the same U and J values where the band gap was

found to be 0.6 eV. The ground state is that a single 4f hole at each Yb site, occupying

one of the conduction bands in Fig. 6.1(b or c), and the O 2p occupied sites shown as the

valence states in the same figures. The anisotropic superexchange interaction between Yb

ions is driven by a virtual hopping[96] between these levels.

It may be noted that a previous DFT work[135], in which the f electrons were frozen in the

core during the calculations, found the difference between the conduction band minimum

(CBM) and valence band maximum (VBM) to be 3.34 eV. In our work, that corresponds to

the difference of 3.25 eV between the valence band maximum and the empty Ti 3d states

(shown later in Fig. 6.4).
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Figure 6.3: (a) Spin-GGA + U + SOC electronic band structure of Yb2Ti2O7

(Fig 6.1(c) repeated) and (b) Spin-GGA + U electronic band structure of
Yb2+xTi2−xO7−x/2 (x = 1/2), shown along the crystal high symmetry lines. The
vacancy is in the Wyckoff f site. The ten energy bands around the Fermi level in
(b) are 4f in character. Results are for UY b = 6 eV, JY b = 1 eV, UT i = 2 eV,
JT i = 0.8 eV.
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Figure 6.4: Spin-GGA + U + SOC electronic density of states of Yb2Ti2O7 (top)
and Spin-GGA + U electronic density of states of Yb2+xTi2−xO7−x/2 (bottom) for
x = 1/2. The Fermi energies are set to zero. Results are for UY b = 6 eV, JY b = 1
eV, UT i = 2 eV, JT i = 0.8 eV.
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6.1.2 The stuffed Yb2Ti2O7

We consider Yb stuffing concentration of 25% (x = 1/2) and 12.5% (x = 1/4). We

expect our description to be quantitatively accurate for high stuffing concentration or near

microscopic clusters of stuffing in the crystal, and qualitatively meaningful in the dilute

region. To create this system we replace a Ti atom (labeled in Fig. 2.3(b) in Chapter 2) by

an Yb atom. Due to the substitution of a +4 Ti ion with a +3 Yb ion, it is reasonable to

expect one oxygen atom bonded to the cation in this site to leave the system. While there

are direct evidences of Yb stuffing[111, 6], oxygen vacancy, which seems quite plausible given

general oxidation state arguments, has been either assumed or argued for indirectly[86] based

on a Ti valence change. Oxygen vacancy defects in Y-based pyrochlores has been linked with

monopole traps[114]. To find the stability of creation of oxygen vacancy, we compute:

F =
[

FV − F0 + µO

]

/Nu, (6.1)

where FV is the free-energy of the stuffed unit cell with an oxygen vacancy, F0 is the

free-energy of the stuffed no-vacancy unit cell, µO is the oxygen chemical potential and Nu

is the number of Yb octahedra included in our computational unit cells.

We use the following unit cells in our stability computations. 25% Yb stuffing and

one oxygen vacancy in the 22-atom unit cell creates a unit cell with the chemical formula

Yb2+xTi2−xO7−x (x = 1/2). To create a unit cell with the chemical formula Yb2+xTi2−xO7−x/2,

we replace two Ti atoms with a Yb atom each, and remove one oxygen atom. This creates

a stuffing concentration of 25% (x = 1/2) in the 44-atom unit cell and 12.5% (x = 1/4) in

the 88-atom unit cell.

To find the possible range of oxygen chemical potential µO, we first note that the value

is bounded from above by the chemical potential of formation of the triplet O2 molecule,

µO < µO2/2 = −4.917 eV.
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To find the lower limit, we assume that µO is the same in the gas phase and in the

stuffed pyrochlore. Then the chemical potentials of the elements in the stuffed pyrochlore

are constrained by

(2 + x)µYb + (2− x)µTi + 7µO = µYb(2+x)Ti(2−x)O7 .

To stop phase separation into Ybbulk and Tibulk, the chemical potentials of Yb and Ti

themselves must satisfy inequality constraints:

µYb < µbulk
Sr = −1.231 eV,

µTi < µbulk
Ti = −7.898 eV.

Using the above inequality constraints and the computed value µYb(2+x)Ti(2−x)O7 = −79.395 eV,

the allowable energy of the oxygen chemical potential is

−9.210 eV < µO < −4.917 eV.

As shown in Fig. 6.2, we find that the pyrochlore structures at all stuffing concentrations

considered will create an oxygen vacancy over a wide range of possible oxygen chemical

potential. We further find that the Wyckoff f -site oxygen vacancy is more stable than the

Wyckoff b-site vacancy by 0.4 eV per Yb tetrahedron so we do not consider the latter in

further discussions. If Ti cations outside the pyrochlore phase are created by the synthesis

process which produces off-stoichiometric ratios of Yb and Ti, the oxygen ions will react to

produce the stable TiO2 phase.

The replacement of Ti atoms with Yb and the removal of an oxygen atom cause the

stuffed Yb to move away from the vacant oxygen site, displacing it from the center of the

Kagome hexagon. The Yb-O bond lengths for this Yb atom are found to be between 2.14 Å

and 2.32 Å, which is shorter than the usual Yb-O bond length of 2.51 Å at the Wyckoff f

site but longer than the usual Ti-O bond length of 1.94 Å. In contrast to the 4f orbitals of
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Yb3+ where the ground state changes from metallic to insulating as the value of Hubbard U

crosses a threshold, the role of U in Ti 3d orbitals is found to be minimal in determining the

character near the Fermi level. In all of our calculations for the non-stoichiometric system,

we use fixed U = 6, J = 1 eV for the Yb f electrons. We show the electronic band structure

of the stuffed pyrochlore Yb2+xTi2−xO7−x/2 (x = 1/2) with an oxygen vacancy in Fig. 6.3(b).

This system is found earlier to be the stable structure at this stuffing concentration. We

repeat Fig. 6.1(c) in Fig. 6.3(a) for comparison. In the stuffed system, there are now ten Yb

atoms in the unit cell, resulting in ten 4f conduction bands. Due to the oxygen vacancy,

the mostly O 2p valence bands just below the Fermi level are missing. Effectively, the O 2p

energy bands are thus pushed down compared to the stoichiometric system. The band gap

is widened to 1.02 eV.

To show the full impact of off-stoichiometry, Fig. 6.4 compares the density of states

(DOS) of the stoichiometric crystal and the stuffed crystal with an oxygen vacancy. The

states near the Fermi level are Yb 4f whereas the valence states are mostly O 2p states. As

a consequence of removal of an oxygen atom, the Ti atom near the vacancy acquire a +3

valence character and some of the O 2p valence states are absent. Ti 3d states, hybridized

with O 2p states, show up in the stuffed crystal between 2.5 and 4 eV (bottom panel in

Fig. 6.4). Change in Yb-O bond length caused by the defects increases Yb-O hybridization

which shows up as an increased density of states below the Fermi level.

With only the isotropic Heisenberg exchange (without SOC) the magnetic moments in the

pyrochlore geometry are frustrated. The DM interaction removes that frustration. However,

classical DM interaction does not discriminate between the spin-ice (two-in, two-out) state

and the all-in/all-out (all four moments pointing towards the center in one tetrahedron, and

pointing out in the next tetrahedron). Furthermore, the coefficients in the exchange Hamil-

tonian evaluated by Ross and co-workers[111] by fitting neutron scattering excitation data

are exceedingly small, specially the J4 constant (∼ 0.01 meV) associated with the DM term.

Our computation methods were accurate to within 0.20 meV/atom. Predictably, we find all
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the states we considered as starting points (spin-ice, all-in/all-out, (100) ferromagnetic, (100)

antiferromagnetic, (111) ferromagnetic and (111) antiferromagnetic) to be degenerate. We

find that the total moment per Yb atom in the stoichiometric system to be 0.86± 0.005µB

and the orbital magnetic moment per Yb atom 0.25 ± 0.007µB. In the non-stoichiometric

systems, we find the total magnetic moment per Yb atom to be 0.92 ± 0.02µB and orbital

magnetic moment per Yb atom 0.24±0.02µB. These magnetic moments compare reasonably

to experimental findings[46] and are different from a previous DFT calculation[24]. There

was no noticeable magnetic moment in the Ti atoms even as there was a change in oxidation

state due to the oxygen vacancy.

The magnetic moments were calculated using VASP non-self-consistent routines where

the charge density was kept fixed during the non-collinear calculations. It is also possible

to include non-collinear SOC in a fully self-consistent way. When we do that, the magnetic

moments change significantly. We find in the stoichiometric systems the total magnetic

moment per Yb atom to be 0.28± 0.005µB and the orbital magnetic moment per Yb atom

to be 0.53 ± 0.007µB. This suggests a rotation of the orbital and spin expectation values

with respect to each other.

6.2 Implications

The atomic and electronic structure, as well as the magnetic moments of stoichiomet-

ric and stuffed Yb2Ti2O7 are investigated using density functional calculations within the

GGA+U scheme and including spin-orbit coupling. Through our stability computations,

we show that once there is substitution of a Yb+3 in a Ti+4 site (the stuffed system), it

is energetically favorable to contain oxygen vacancy defects in the Wyckoff f -sites, leading

to stable oxygen deficient materials characterized by a change in Ti valence state from Ti

+4 to Ti +3. Stuffing and oxygen vacancy defects cause changes in the Ti-O and Yb-O

bond lengths which create a different hybridization character. The O 2p valence band are

pushed down and the band gap is increased. We find the electronic phase and the band

gap of Yb2Ti2O7 to be dependent on the value of correlation U in the Yb f orbitals. We

notice no significant magnetic moment in the Ti atoms in the defect system. The magnetic
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moments of the Yb atoms were calculated and found to be reasonably close to measured

values. Off-stoichiometry introduces a magnetic moment in one of the Ti lattice sites which

have different exchange pathways as compared to the Yb tetrahedra in the stoichiometric

system. This, combined with oxygen vacancy and structural distortion is likely to destroy

long range magnetic order. While the GGA+U scheme seems to work reasonably well, it

is known for its limitations in f -electron systems. Our revealed atomic structure of the

“stuffed” compound, in particular the stability of the oxygen vacancies, is however expected

to be correct since its determination involves quite large energy differences between it and

the other competing structures.
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CHAPTER 7

SUMMARY

In this dissertation, we have studied the properties of several complex metal oxide structures

and the role of defects in them using density functional theory (DFT). We are inspired by

the experimental findings of novel electronic phases at metal oxide surfaces and interfaces,

where oxygen atoms are known to play a vital role. We describe several unconventional

atomic and electronic structures in the materials we studied. In each case we find stable

geometries, match experimental results and predict interesting phenomena.

We start with an investigation of the thin film geometry of the relatively simple and well

known perovskite SrTiO3. We find a unique striped pattern of oxygen vacancy ordering at

the surface of this material. Our studies show that these oxygen vacancies, along with surface

confinement, drive the formation of a ubiquitous Q2DEG hosted by Ti t2g states, and how

magnetic moments localized at the interface emerge. We find octahedra rotations and Ti

3d orbital reconstruction at the surface. By combining our DFT results with a Rashba-like

coupling, we find unconventional spin-momentum correlations in surface bands that match

experimental SARPES observations.

Having provided a possible explanation of the stability and properties of this metal-oxide

surface, we moved to the study of a closely related layered perovskite material Sr2RuO4 -

in particular to study the heterostructure formed by an interface between this oxide and

Ru-metal inclusions. By studying various possible configurations, we showed that the exper-

imentally observed configuration is the most stable one and is an ubiquitous feature of the

growth process. Our ab-initio model thus complements the experimental structure and we

have been able to present a complete picture of the geometry, including the metal-oxygen

bonds at the interface, something not known experimentally. Our work has shown that the

interface is stabilized by a near-commensuration between a rectangular lattice plane and a

triangular lattice plane, and yet there must exist a small mismatch that we argue must be
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resolved on a larger scale via dislocations. It further finds the interface Ru atoms to be mag-

netic and have 4d orbital reconstruction not found in the bulk oxide. Our study provides us

with the insight that the commensurate interface enhances the coupling between the transi-

tion metal oxide planes, which reduces phase fluctuations and enhances the superconducting

critical temperature without any reduction of symmetry. In both the SrTiO3 surface and

Sr2RuO4 -Ru interface, we find that the GGA approximation predicts microscopic properties

reasonably well.

We extended our understanding of complex metal oxide to the off-stoichiometric Yb2Ti2O7.

The localized nature of Yb 4f electrons and their strong spin-orbit effects pose a challenge

to DFT calculations. We have found that GGA fails to predict the correct electronic phase

in pure bulk material, and that an application of Hubbard U correctly predicts an insulat-

ing phase. In the pure material, we find competing, non-collinear orientation of magnetic

moments. We then investigated the effect of Ti replacement with Yb atoms in the“stuffed”

geometry and showed that this necessarily leads to creation of oxygen vacancy defects. We

found the effect of the stuffing and oxygen vacancy on the suppression of the valence states,

distortion in Yb-O bond network and a change in Ti coordination number. Our obser-

vation of oxygen vacancy and its effects compare favorably with recent STEM and EELS

experiments.

We have thus investigated thoroughly various related classes of metal-oxides using ab

initio methods and have successfully studied the properties of complex heterostructures,

surfaces and oxygen vacancy defects in them. Our work has led us to understand how various

phenomena like surface confinement, vacancy doping and bond distortions work together to

produce a rich set of properties in these materials which hold considerable promise in the

emergent field of metal-oxide electronics.
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APPENDIX A

HOHENBERG-KOHN THEOREMS AND
KOHN-SHAM METHODOLOGY

This chapter provides an overview of DFT. We discuss the Hohenberg-Kohn (HK) theorems,

the Kohn-Sham (KS) equations, various types of functionals and the plane wave prescription.

A.1 Hohenberg-Kohn theorems

The idea of using the density as the fundamental variable in calculations of electronic

structure was initiated in the 1920s[129], but it was first introduced in a general and rigorous

way by Hohenberg and Kohn[47], who introduced two seminal theorems. These two theorems

form the mathematical backbone of all modern density functional theory. The difficulty in

applying the theory to real materials will be discussed in more detail later. The two theorems

of Hohenberg and Kohn are as follows:

A.1.1 Theorem 1

For an arbitrary number of interacting particles moving in some external potential Vex(~r),

the external potential is determined up to an additive constant by the ground state density

n0(~r) of the system.

Proof of theorem 1. The proof proceeds by reductio ad absurdum. Consider two

identical systems in two different external potentials, Vex1(~r) and Vex2(~r), that differ by more

than a constant. Assume that they both lead to the same ground state density, n0(~r).

Then, for each of the two Hamiltonians, H(1) and H
(2), there exists some ground state

wavefunction, Ψ
(1)
0 and Ψ

(2)
0 such that

n0(~r) = |Ψ(1)
0 |2 = |Ψ(2)

0 |2. (A.1)
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Lets assume the ground state is nondegenerate. Since Ψ
(1)
0 6= Ψ

(2)
0 , by minimal property

of the ground state, we get

E1 = 〈Ψ(1)
0 |H(1)|Ψ(1)

0 〉 < 〈Ψ(2)
0 |H(1)|Ψ(2)

0 〉.

E2 = 〈Ψ(2)
0 |H(2)|Ψ(2)

0 〉 < 〈Ψ(1)
0 |H(2)|Ψ(1)

0 〉,
(A.2)

and,

〈Ψ(2)
0 |H(1)|Ψ(2)

0 〉 = 〈Ψ(2)
0 |H(2)|Ψ(2)

0 〉+ 〈Ψ(2)
0 |H(1) −H

(2)|Ψ(2)
0 〉

= E2 +

∫

d3r[Vex1(~r)− Vex2(~r)]n0(~r).

Therefore, E1 < E2 +

∫

d3r[Vex1(~r)− Vex2(~r)]n0(~r).

(A.3)

Similarly,

〈Ψ(1)
0 |H(2)|Ψ(1)

0 〉 = 〈Ψ(1)
0 |H(1)|Ψ(1)

0 〉+ 〈Ψ(1)
0 |H(2) −H

(1)|Ψ(1)
0 〉

= E1 +

∫

d3r[Vex2(~r)− Vex1(~r)]n0(~r).

Therefore, E2 < E1 +

∫

d3r[Vex2(~r)− Vex1(~r)]n0(~r).

(A.4)

Adding equations A.3 and A.4, we find that

E1 + E2 < E1 + E2, (A.5)

which is an inconsistency. Therefore the external potentials leading to the same density

must be identical up to a constant. In other words, Vex(~r) is a unique functional of n0(~r),

proving the first theorem of Hohenberg and Kohn.

A.1.2 Theorem 2

Since Ψ is a functional of n(~r), so are the kinetic energy K and Coulomb interaction

energy U, We define a functional F[n(~r)] = 〈Ψ|K + U|Ψ〉. This universal functional is valid
for arbitrary number of particles and all external potentials.

For a given Vex(~r), the total energy potential evidently becomes
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EHK [n(~r)] =

∫

d3rVex(~r)n(~r) + F[n(~r). (A.6)

The second HK theorem states that the exact ground state of the system will be a global

minimum of the total functional, and the n(~r) that minimizes F[n(~r)] +
∫

d3rVex(~r)n(~r)

must be the correct density n0(~r). This theorem holds under the following constraint over

the density functional:

∫

d3rn(~r) = N. (A.7)

Corollary. Only the functional, F[n(~r)], is necessary to determine n0(~r) and the ground

state energy. In general, more information is required to find excited states, but thermody-

namic properties are completely determined the free energy functional.

A.1.3 Proof of theorem 2

Consider two different densities, n1(~r) and n2(~r), each with their own set of wavefunctions,

Ψ1 and Ψ2. They are associated with external potentials Vex1(~r) and Vex2(~r). Let us assume

that n1(~r) is the ground state density. It is well known that the energy functional has a

minimum at the correct ground state Ψ1. This means:

E1 = EHK [n1(~r)] = 〈Ψ1|H1|Ψ1〉 < 〈Ψ2|H1|Ψ2〉 = E2 = EHK [n2(~r)], (A.8)

which clearly indicates that by minimizing EHK [n(~r)] with respect to density, we will ar-

rive at the ground state density, provided that we knew the form of the “universal” functional

FHK [n(~r)].

A.2 Kohn-Sham equations

The HK theorems replace the 3N-dimensional variable Ψ with 3-dimensional n(~r) as the

fundamental variable. however, without an explicit form of the universal functional, its not

practically useful. The problem of writing down the exact functional may never be solved,

Kohn and Sham has presented an approach described below:
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For every interacting system, assume there exists an auxiliary non-interacting system in

an external potential Veff (~r) such that both systems have the same ground-state density.

For this auxiliary system, we have:

Ĥaux = −1

2
∇2 + Veff (~r), (A.9)

with density n(~r) =
∑N

i=1,σ |Ψσ
i (~r)|2. The sum is over particles and spin indices. For

electrons, these wavefunctions form a Slater determinant.

Now, we can write the kinetic energy of the non-interacting particles like:

Taux =
1

2

∑

i,σ

∫

d3r|∇Ψσ
i (~r)|2. (A.10)

Taux is not the true kinetic energy of the interacting system.

The local part (Hartree) of the interaction between the particles can also be written

explicitly:

EHart =
1

2

∫

d3rd3r′
n(~r)n(~r′)

|~r − ~r′|
. (A.11)

With the aid of these functionals, the total energy of the interacting system becomes:

EKS[n(~r)] = Taux[n(~r)] +

∫

d3rVex(~r)n(~r) + EHart[n(~r)] + Exc[n(~r)], (A.12)

where the term Exc[n(~r)] contains all the contribution that the others terms have missed,

and is called the exchange-correlation functional. It is defined as

Exc[n(~r)] = FHK [n(~r)]− (Taux[n(~r)] + EHart[n(~r)])

= 〈T̂ 〉 − Taux[n(~r)] + 〈V̂int〉 − EHart[n(~r)].
(A.13)

The next task is to find the orbitals. To do that, we minimize the KS energy with respect

to the wavefunctions by applying the variational principle under the constraint 〈ΨiΨj〉 = δij

∂EKS

∂Ψ∗
i,σ(~r)

=
∂Taux
∂Ψ∗

i,σ(~r)
+

[

∂Eext

∂n(~r, σ)
+

∂EHart

∂n(~r, σ)
+

∂Exc

∂n(~r, σ)

]

∂n(~r, σ)

∂Ψ∗
i,σ(~r)

= 0, (A.14)
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noting that

∂Taux
∂Ψ∗

i,σ(~r)
= −∇2Ψi,σ(~r)and

∂n(~r, σ)

∂Ψ∗
i,σ(~r)

= Ψi,σ(~r). (A.15)

The mentioned constraint allows us to apply the method of Lagrange multipliers:

δ [〈ψ|HKS|ψ〉 − ǫKS(〈ψ|ψ〉 − 1)] = 0.

Or,〈ψ|δHKS|ψ〉+ 〈δψ|HKS|ψ〉 − ǫKS〈δψ|ψ〉 = 0.
(A.16)

At the minimum of the energy, the first term vanishes, and we have:

〈δΨi,σ|HKS|Ψi,σ〉 − ǫi〈δΨi,σ|Ψi,σ〉 = 0.

⇒ (HKS − ǫi)Ψi,σ(~r) = 0.
(A.17)

This looks like a single-particle Schrödinger equation. The “simple” Kohn-Sham Hamil-

tonian is written like so:

HKS =
1

2
∇2 + Vext(~r) +

∂EHart

∂n(~r, σ)
+ Ve−n(~r) +

∂Exc

∂n(~r, σ)

= T̂ + ˆVeff (~ )r,

(A.18)

where we have added the electron-ion term for completeness. Note that ˆVeff (~ )r is density

dependent, so the set of equations must be solved iteratively. If the exact functional form

of the exchange-correlations term Exc[n(~r)] were known, the KS energy would be the exact

energy.

Given the KS prescription, the problem of many interacting particles in reduced greatly.

Instead of the full system, we have only to solve a single-particle problem for each particle

in the fictitious system of non-interacting particles. The effective potential containing the

external contribution (including ions and external fields), the Hartree interaction term, and

the complicated exchange correlation energy whose exact form is unknown and must be

approximated. This equation can be solved self-consistently as follows:

• Start with a set of fictitious single particle states Ψi.
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• Create the electron density of the system, n(~r). n(~r) =
∑

i |Ψi|2

• Write down the effective potential, which is a functional of n(~r).

• Solve the single-particle Kohn-Sham equation for Ψ
′

i.

• Find a better guess for the density with these new wavefunctions: n
′

(~r) =
∑

i |Ψ
′

i|2

• Compare it with the previous guess n(~r).

• If close enough, you have found the ground state density of your fully interacting system

to a reasonable degree of precision, and that density gives you the correct equilibrium

thermodynamic properties. If not, repeat, now using n
′

(~r) in place of n(~r), until

converge is reached.

Further development of density functional theory deals mainly with useful approximations

of the exchange-correlation energy, and efficient creation of the orbitals of the fictitious non-

interacting system.
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[10] Peter E. Blöchl, O. Jepsen, and O. K. Andersen. Improved tetrahedron method for
brillouin-zone integrations. Phys. Rev. B, 49:16223–16233, Jun 1994.

[11] H.W.J. Blte, R.F. Wielinga, and W.J. Huiskamp. Heat-capacity measurements on
rare-earth double oxides R2M2O7. Physica, 43(4):549 – 568, 1969.

87



[12] Steven T. Bramwell and Michel J. P. Gingras. Spin ice state in frustrated magnetic
pyrochlore materials. Science, 294(5546):1495–1501, 2001.

[13] M. Breitschaft, V. Tinkl, N. Pavlenko, S. Paetel, C. Richter, J. R. Kirtley, Y. C. Liao,
G. Hammerl, V. Eyert, T. Kopp, and J. Mannhart. Two-dimensional electron liquid
state at LaAlO3–SrTiO3 interfaces. Phys. Rev. B, 81:153414, Apr 2010.

[14] A. Brinkman, M. Huijben, M. van Zalk, J. Huijben, U. Zeitler, J. C. Maan, W. G.
van der Wiel, G. Rijnders, D. H. A. Blank, and H. Hilgenkamp. Magnetic effects at
the interface between non-magnetic oxides. Nat Mater, 6(7):493–496, Jul 2007.

[15] E. W. Carlson, S. A. Kivelson, V. J. Emery, and E. Manousakis. Classical phase
fluctuations in high temperature superconductors. Phys. Rev. Lett., 83:612–615, Jul
1999.

[16] C. Castelnovo, R. Moessner, and S. L. Sondhi. Magnetic monopoles in spin ice. Nature,
451(7174):42–45, Jan 2008.

[17] C. Cen, S. Thiel, G. Hammerl, C. W. Schneider, K. E. Andersen, C. S. Hellberg,
J. Mannhart, and J. Levy. Nanoscale control of an interfacial metal-insulator transition
at room temperature. Nat Mater, 7(4):298–302, 04 2008.

[18] D. M. Ceperley and B. J. Alder. Ground state of the electron gas by a stochastic
method. Phys. Rev. Lett., 45:566–569, Aug 1980.

[19] Lieh-Jeng Chang, Martin R. Lees, Isao Watanabe, Adrian D. Hillier, Yukio Yasui, and
Shigeki Onoda. Static magnetic moments revealed by muon spin relaxation and ther-
modynamic measurements in the quantum spin ice Yb2Ti2O7. Phys. Rev. B, 89:184416,
May 2014.

[20] Lieh-Jeng Chang, Shigeki Onoda, Yixi Su, Ying-Jer Kao, Ku-Ding Tsuei, Yukio Yasui,
Kazuhisa Kakurai, and Martin Richard Lees. Higgs transition from a magnetic coulomb
liquid to a ferromagnet in Yb2Ti2O7. Nature Communications, 3:992 EP –, Aug 2012.
Article.

[21] J. P. Clancy, J. P. C. Ruff, S. R. Dunsiger, Y. Zhao, H. A. Dabkowska, J. S. Gardner,
Y. Qiu, J. R. D. Copley, T. Jenkins, and B. D. Gaulin. Revisiting static and dynamic
spin-ice correlations in Ho2Ti2O7 with neutron scattering. Phys. Rev. B, 79:014408,
Jan 2009.

[22] S. H. Curnoe. Quantum spin configurations in Tb2Ti2O7. Phys. Rev. B, 75:212404,
Jun 2007.

88



[23] P. K. de Boer and R. A. de Groot. Electronic structure of magnetic Sr2RuO4. Phys.
Rev. B, 59:9894–9897, Apr 1999.

[24] Najmeh Deilynazar, Elham Khorasani, Mojtaba Alaei, and S. Javad Hashemifar. First-
principles insights into f magnetism: A case study on some magnetic pyrochlores.
Journal of Magnetism and Magnetic Materials, 393:127 – 131, 2015.

[25] Byron C. den Hertog and Michel J. P. Gingras. Dipolar interactions and origin of spin
ice in ising pyrochlore magnets. Phys. Rev. Lett., 84:3430–3433, Apr 2000.

[26] P. A. M. Dirac. Note on exchange phenomena in the thomas atom. Mathematical
Proceedings of the Cambridge Philosophical Society, 26(3):376385, 1930.

[27] R. M. D’Ortenzio, H. A. Dabkowska, S. R. Dunsiger, B. D. Gaulin, M. J. P. Gingras,
T. Goko, J. B. Kycia, L. Liu, T. Medina, T. J. Munsie, D. Pomaranski, K. A. Ross,
Y. J. Uemura, T. J. Williams, and G. M. Luke. Unconventional magnetic ground state
in Yb2Ti2O7. Phys. Rev. B, 88:134428, Oct 2013.

[28] Robert A. Evarestov, Evgeny Blokhin, Denis Gryaznov, Eugene A. Kotomin, and
Joachim Maier. Phonon calculations in cubic and tetragonal phases of srtio3: A com-
parative lcao and plane-wave study. Phys. Rev. B, 83:134108, Apr 2011.

[29] Chang-Beom Eom Evgeny Y. Tsymbal, Elbio R. A. Dagotto and Ramamoorthy
Ramesh. Multifunctional Oxide Heterostructures. Oxford University Press, 2012.

[30] T. Fennell, P. P. Deen, A. R. Wildes, K. Schmalzl, D. Prabhakaran, A. T. Boothroyd,
R. J. Aldus, D. F. McMorrow, and S. T. Bramwell. Magnetic coulomb phase in the
spin ice Ho2Ti2O7. Science, 326(5951):415–417, 2009.

[31] Dillon D. Fong, G. Brian Stephenson, Stephen K. Streiffer, Jeffrey A. Eastman, Or-
lando Auciello, Paul H. Fuoss, and Carol Thompson. Ferroelectricity in ultrathin
perovskite films. Science, 304(5677):1650–1653, 2004.

[32] F. Fuchs, J. Furthmüller, F. Bechstedt, M. Shishkin, and G. Kresse. Quasiparticle
band structure based on a generalized kohn-sham scheme. Phys. Rev. B, 76:115109,
Sep 2007.

[33] J. S. Gardner, G. Ehlers, N. Rosov, R. W. Erwin, and C. Petrovic. Spin-spin corre-
lations in Yb2Ti2O7: A polarized neutron scattering study. Phys. Rev. B, 70:180404,
Nov 2004.

[34] Jason S. Gardner, Michel J. P. Gingras, and John E. Greedan. Magnetic pyrochlore
oxides. Rev. Mod. Phys., 82:53–107, Jan 2010.

89



[35] J. Gaudet, K. A. Ross, E. Kermarrec, N. P. Butch, G. Ehlers, H. A. Dabkowska,
and B. D. Gaulin. Gapless quantum excitations from an icelike splayed ferromagnetic
ground state in stoichiometric Yb2Ti2O7. Phys. Rev. B, 93:064406, Feb 2016.

[36] S. Gemming and G. Seifert. SrTiO3(0 0 1)|LaAlO3(0 0 1) multilayers: A density-
functional investigation. Acta Materialia, 54(16):4299 – 4306, 2006.

[37] Soham S. Ghosh and Efstratios Manousakis. Structure and ferromagnetic instability
of the oxygen-deficient SrTiO3 surface. Phys. Rev. B, 94:085141, Aug 2016.

[38] John E. Greedan. Frustrated rare earth magnetism: Spin glasses, spin liquids and spin
ices in pyrochlore oxides. Journal of Alloys and Compounds, 408412:444 – 455, 2006.
Proceedings of Rare Earths’04 in Nara, JapanProceedings of Rare Earths’04.

[39] J. H. Haeni, P. Irvin, W. Chang, R. Uecker, P. Reiche, Y. L. Li, S. Choudhury, W. Tian,
M. E. Hawley, B. Craigo, A. K. Tagantsev, X. Q. Pan, S. K. Streiffer, L. Q. Chen,
S. W. Kirchoefer, J. Levy, and D. G. Schlom. Room-temperature ferroelectricity in
strained SrTiO3. Nature, 430(7001):758–761, Aug 2004.

[40] S. V. Halilov, D. J. Singh, J. Minár, A. Y. Perlov, and H. Ebert. Antiferromagnetic
spin fluctuations and proximity to a quantum critical point in Sr2RuO4. Phys. Rev.
B, 71:100503, Mar 2005.

[41] Xi-Ping Hao, Hong-Ling Cui, Zhen-Long Lv, and Guang-Fu Ji. Electronic and elastic
properties of Sr2RuO4 with pressure effects by first principles calculation. Physica B:
Condensed Matter, 441:62 – 67, 2014.

[42] N. R. Hayre, K. A. Ross, R. Applegate, T. Lin, R. R. P. Singh, B. D. Gaulin, and
M. J. P. Gingras. Thermodynamic properties of Yb2Ti2O7 pyrochlore as a function of
temperature and magnetic field: Validation of a quantum spin ice exchange hamilto-
nian. Phys. Rev. B, 87:184423, May 2013.

[43] V. E. Henrich and P. A. Cox. The Surface Science of Metal Oxides. Cambridge, UK:
Cambridge University Press, March 1996.

[44] Clifford W. Hicks, Daniel O. Brodsky, Edward A. Yelland, Alexandra S. Gibbs, Jan
A. N. Bruin, Mark E. Barber, Stephen D. Edkins, Keigo Nishimura, Shingo Yonezawa,
Yoshiteru Maeno, and Andrew P. Mackenzie. Strong increase of Tc of Sr2RuO4 under
both tensile and compressive strain. Science, 344(6181):283–285, 2014.

90



[45] J A Hodges, P Bonville, A Forget, M Rams, K Krlas, and G Dhalenne. The crystal
field and exchange interactions in Yb2Ti2O7. Journal of Physics: Condensed Matter,
13(41):9301, 2001.

[46] J. A. Hodges, P. Bonville, A. Forget, A. Yaouanc, P. Dalmas de Réotier, G. André,
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