ABSTRACT

BAKSI, MERVE. Interface-Engineered Phases of Superconducting Complex Oxide Thin
Films. (Under the direction of Divine Kumah).

High-temperature superconductivity can be observed in barium bismuthate, BaBiO;
(BBO), through hole doping with potassium (K) and lead (Pb), achieving transition tem-
peratures (T,) up to 34 K. This emergent property of BBO is attributed to the shape and
size of its characteristic oxygen octahedra, known as octahedral breathing mode distortion
(OBD). OBD is absent in the superconducting phase. In this dissertation, we investigate the
control of OBD through epitaxial interfaces to tune the electronic properties of BBO for
topological superconductivity.

Harnessing the full potential of perovskite oxides requires a sophisticated understand-
ing and manipulation of their interfaces, which critically influence their electronic and
structural properties. To this end, we carefully synthesized BBO thin films and multilayer
heterostructures of BBO with ferroelectric BaTiO; (BTO) and Mott insulating LaTiO5 (LTO)
on SrTiO; (STO) substrate using Molecular Beam Epitaxy (MBE).

First, we investigate the structural challenges and interfacial properties of LTO/BBO
heterostructures aimed at achieving a cubic/tetragonal phase in BBO layers to facilitate
the formation of a two-dimensional electron gas (2DEG) and potentially dope the interface
with La. Detailed characterization methods and synchrotron X-ray analysis revealed sig-
nificant lattice mismatch (~ 11%) between BBO and the STO substrate. Despite our films
exhibiting perfect lattice registry with the substrate, the large lattice mismatch led to the
formation of rock salt BaO layers as a buffer during growth of the thin BBO layers (2 unit
cells), influencing subsequent growth and altering the BBO/LTO interface structure. The
interface was observed to adopt a layered perovskite/Ruddlesden-Popper crystal structure

of (LaO)(LaBiO;),, with n=2 (or La;Bi,0,), which hinders the formation of a clean interface



conducive to metallicity and 2DEG formation. Additionally, the absence of topological
surface states and metallic behavior suggests that the current La doping level resulting
from the interface reconstruction is inadequate.

Next, we synthesized and characterized BaTiO; (BTO) and BaBiO; (BBO) heterostruc-
tures. Our detailed analysis elucidated that BBO layers in this heterostructure exhibit partial
relaxation when grown on BTO, which is consistent with the large lattice mismatch between
BBO and the underlying STO substrate. Synchrotron X-ray diffraction measurements fur-
ther confirm that the BBO layers undergo strain relaxation, with a noteworthy tetragonal
distortion observed in the heterostructures with thinner (2 unit cells) BBO layers. Though
metallicity has yet to be observed, Raman spectroscopy indicated a suppression in the
OBD, typically linked to the charge density wave (CDW) in bulk BBO, implying alterations
in the electronic structure of the BBO layers within the BTO/BBO heterostructures. Piezo-
force microscopy verified the ferroelectric properties of the BTO layers, demonstrating that
ferroelectric polarization is preserved in the heterostructures.

These works shed light on the structural and electronic characteristics of BTO/BBO and
BBO/LTO heterostructures, emphasizing their potential for tunable electrostatic doping
and the emergence of exotic states in atomically-thin BBO layers.

Lastly, we investigated superconductivity in vacancy-ordered monoclinic titanium oxide
(m-TiO) thin films. Utilizing atomic layer-by-layer synthesis and in situ synchrotron X-
ray scattering, we stabilized the m-TiO phase, which exhibit a superconductor-to-metal
transition (SMT) at 2.8 K, in contrast to the superconducting-to-insulating transition (SIT)
observed in other TiO phases. Reduced electronic disorder in m-TiO phase highlights its
potential for advancements in superconducting materials.

This dissertation provides comprehensive insights into the structural and electronic
properties of BBO-based heterostructures and m-TiO, contributing to the development of

novel quantum phases and applications in quantum computing and superconductivity.
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CHAPTERL

Introduction and Background

1.1 Preface

Superconductivity is among the most fascinating quantum phenomena in condensed
matter, and promising revolutionary advancements in science and technology.

Itis characterized by the loss of electrical resistance below a critical temperature, and
has captivated scientists and engineers for over a century since its discovery in early 20 ™
century. Over the following decades, extensive research has uncovered an array of supercon-
ducting materials, each exhibiting unique properties and behaviors. Among these materials,
perovskite oxides have emerged as a prominent class of compounds due to their diverse
electronic, magnetic, and structural properties, making them promising candidates for

exploring and understanding superconductivity.

The exploration of superconductivity in perovskite oxide structures presents an excit-



ing frontier in condensed matter physics and materials science. The interplay between
the electronic, magnetic, and lattice degrees of freedom in these materials gives rise to
novel superconducting phases and phenomena, often distinct from those observed in
conventional superconductors. Moreover, the ability to nely tune the electronic structure
and carrier density in perovskite oxides opens avenues for understanding unconventional
superconductivity mechanisms and developing innovative applications.

This dissertation aims to delve into the intriguing realm of superconductivity in com-
plex oxide structures, focusing on elucidating fundamental mechanisms and exploring
novel materials. Through a combination of experimental investigations, theoretical mod-
eling, and advanced characterization techniques, this research endeavors to deepen our
understanding of superconductivity in complex perovskite oxides and harness their unique

properties for technological advancements.

1.2 Perovskite Structure

The discovery of calcium titanate (CaTiO ) in 1839 by Russian mineralogist Perovski, is
known to be the origin of perovskite minerals  [1]. After that, the materials with the same
crystal structure are referred as perovskite materials and today, it is known that perovskite
oxides exhibit a variety of interesting physical properties from ferroelectricity and piezo-
electicity to superconductivity which opens a door to potential use for various electronic
and optoelectronic device applications. The general formula of perovskite materials is
ABX;, where A represents cation which is larger than cation-B, and X represents anion
being usually oxides [1], [2]. Pictorial representation of a perovskite is depicted in Figure 1.1.
They have a simple cubic structure with basis atoms, although the overall structure can be
distorted version of this and the unit cell can be orthorhombic or hexagonal depending

on the cation and anion composition as seen in Figure 1.2. This structure allows for the



incorporation of a wide range of elements, leading to a myriad of compositions and func-
tionalities. The rich tunability of perovskite oxides offers researchers a platform to engineer
and manipulate their properties, including superconductivity, through various means such

as chemical doping, strain engineering, and interface control.

Figure 1.1: Perovskite Structure and with depiction of oxygen vacancy [3].

Figure 1.2: Perovskite Structure. (a) orthorhombic and (b) hexagonal structural unit
cells [4]



1.3 Bismuthate (BaBiO ;)

BaBiO; (BBO) is recognized as a perovskite oxide with fascinating properties. It is an insula-
tor whose electronic band structure offers potential for it to become a topological insulator

or superconductor. Initially, BBO was expected to behave as a metal due to the Bi valency

of 4+ with half- lled  6s* orbital. However, contrary to theoretical predictions, BBO exhibits
insulating behavior. The mechanism responsible for this insulating property has been a
subject of research. This insulating behavior was eventually attributed to charge dispro-
portionation, arising from Bi acting as a valence-skipping element. Neutron diffraction
experiments in 1976 [5] revealed a larger unit cell corresponding to two distinct valency
states of Bi, speci cally Bi " and Bi®*. Two distinct valency of Bi makes oxygen octahedra
around the Bi atom (BiO ) to appear bigger (breathing-in) and smaller (breathing-out) than
the octahedra in cubic BBO with Bi #*, corresponding to the Bi valencies of Bi 3* (6s26p°)
and Bi®* (6s°6p ) respectively [6], [7], [8]. The distortion in the shape, size and rotation of
its characteristic oxygen octahedra is called octadehral breathing mode distortion (OBD).

OBD property of BBO is demonstrated in Figure 1.3.

(a) BaBiO3 (b) Cubic (c) Breathing mode

Figure 1.3: BaBiOj crystal structure (@) Cubic perovskite BBO (b) without breathing mode
of the oxygen octahedra with valency of Bi 4 (c) with breathing mode distortion where the
valencies are Bi®** and Bi®* causing alternating static, large and small oxygen octaheda.



The cubic-perovskite or tetragonal symmetry of BBO is disrupted by the charge-density
wave (CDW) created by Bi®* and Bi®*, resulting in a monoclinic crystal symmetry  [9]. In
addition, bulk insulating BBO in room temperature has found to be in monoclinic structure

in space group | 2=m, and become cubic in space group Fm3m above 820 K[9].

1.3.1 Topological insulator

Topological insulators (TIs) are a class of materials which have insulating property in
bulk, but exhibits exotic metallic states at their surfaces. These surface states have a linear
energy-momentum relationship, similar to the Dirac cone electronic structure of graphene.
However, unlike graphene, which has two Dirac points, topological insulators have only
one Dirac point [10]. Tls are distinguished by their topologically protected conducting
surface states (TSSs), which reside within the bulk energy gap [11]. BBO forms Dirac cone
energy dispersion at R point, 2 eV above Fermi level when spin-orbit coupling effects
are not utilized in the calculations (see Figure 1.4(a)). Yan et al. [8] demonstrated that
incorporating spin-orbit coupling (SOC) in Density Functional Theory (DFT) calculations
splits the degeneracy of the Bi-p bands atthe R point, resulting in a band gap. In addition,
by shifting the Dirac cone point to the Fermi level through electron doping, SOC in the
calculations result in topological surface states with a topological energy gap of 0.7 eV  [8]
(see Figure 1.4(b)-(d)). This value is larger than known topological insulators such as Bi  ,Se;
with topological band gap of around 0.3 eV [12; 13], which is crucial for ensuring thermal
stability and robustness against defects. Shifting of the Dirac cone can experimentally
be achieved by doping concentration of one electron per unit cell  [6]. The system also
exhibited the same band gap and the band inversions when calculated in monoclinic lattice

symmetry, implying that the topological state is robust against lattice distortions [8].



Figure 1.4: (a) Band structure of BaBiO 5 in cubic perovskite lattice using generalized
gradientapproximation (GGA) without spin-orbit coupling (SOC).  (b) Showing cubic BaBiO ,
crystal and its inverted Bi-s and Bi-p states using hybrid functionals, without SOC. SOC
splits the degeneracy of Bi-p states. (c) Band structure of bulk BBO in cubic lattice with SOC.
(d) Surface band structure of electron-doped BBO with SOC. Topological surface states are
indicated by the red lines inside the bulk band gap. (e) Surface dirac cone demonstared in
3D with helical spin texture. (b) to (e) is adapted from [8].

Even though bulk BBO behaves as an insulator, its electronic properties can vary signi -
cantly between bulk and thin- Im forms. In thin Ims, the characteristic oxygen breathing
distortion (OBD) can be suppressed. This suppression of OBD affects the crystal symmetry
and electronic structure, leading to a reduction in the band gap and potential metallic be-
havior in thinner Ims. In an experimental study  [14], bulk BBO has found to be insulating
with a band gap of 1.2 eV, as measured by scanning tunneling microscopy (STM) for 16
unit cell (uc) thick Ims. However, the same study measured the band gap to be as low as
0.07 eV for 3 uc thin BBO samples, highlighting signi cant differences in the electronic

characteristics between thick and thin BBO Ims  [14].

1.3.2 Superconductivity

Bulk BaBiO5; when hole-doped with lead, Pb, exhibits superconductive property at the
critical temperature of around 13 K [15]. Neutron diffraction experiments showed that

Bang}Big_gOg adopts a tetragonal type perovskite structure, which is associated with its



metallic and superconducting properties [5]. Similarly, when BBO is hole-doped with potas-
sium, K, superconductivity has been observed at the critical temperature of about 34
K [16; 17], contingent with the doping levels [18; 19.

Franchini etal. [19] conducted rst-principles calculations on K-doped BBO, nding
an initial semiconducting state for undoped BBO with Bi  3* and Bi®* sites and an indirect
band gap of 0.65 eV [19]. The structure evolved from monoclinic with tilted octahedra at
0.25% K-doping, to an orthorhombic structure, and eventually to a tetragonal phase at 50%
K-doping, consistent with experimental data [20] for superconducting Ba ; K, BiO; with
0.27 x 049and25 T, 32[20;19]. The upper limit for superconductivity recently has
been observed to extend 60% K concentration [21].

Neutron powder diffraction studies on BaPb ; ,Bi, O3 indicated the coexistence of
tetragonal and orthorhombic phases in the critical superconducting compaosition range of
0.2 x 0.3[22; 23]. The superconducting volume fraction increased with a higher fraction
of the tetragonal phase, which is stable above 425 K and metastable below this tempera-
ture [22]. Theoretical support for the tetragonal phase in superconducting BaPb ; ,Bi,O;
was provided for 0.05 x 0.3, noting that stoichiometric inhomogeneities could extend
superconductivity outside this range [24].

Finally, the band structures of superconducting tetragonal Pb-doped and K-doped
BBO reveal bands near the Fermi level that contain atregions [25]. This characteristic is
favorable for superconductivity because in these at band regions, the group velocity of
electrons approaches zero.

In conclusion, the superconducting properties of BBO can be signi cantly altered
through doping with lead (Pb) and potassium (K). The charge density wave (CDW) associ-
ated with the insulating behavior of BBO persists at low-to-moderate doping concentrations
of Pb and K, and the superconductivity emerges for higher doping concentrations. Phase

diagrams of BaPb, ,Bi,O; and Ba; ,K,BiO; can be seen in Figure 1.5.



Overall, the detailed understanding of phase transitions and structural stability of
BBO-based materials provides a foundation for further exploration and optimization of

superconducting materials.

Figure 1.5: Phase diagrams of (a) BaPb, ,Bi,O5; and (b) Ba; ,K,BiO; adapted from [26]
and [21] respectively.

1.4 Quasi-2D Superconductivity in BBO-based Materials

The observations of superconductivity in Pb and K doped BaBiO ; have led the scienti c
community to investigate the parent material BBO, in hopes of discovering similar exotic
properties when utilized in other systems. Owing to the predominance of quasi-2D struc-
tures in high-T . superconductors, such as cuprates, chalcogenides, and iron-pnictides,
there is growing interest in exploring reduced dimensionality in BBO-based materials [27].
By employing BaBiO ;, it is possible to engineer a material with an interface that demon-

strates intriguing behaviors.



Boeovi € et al. [27] was one of the scientists who inspired by the remarkable properties
of doped BBO. Using Molecular Beam Epitaxy (MBE), they synthesized BaBiO ;on SrTiO4
substrate, testing various different growth parameters. They have varied the substrate
temperature between 300 C and 670 C , as well as the ozone partial pressure between
1 10 %Torrand 2 10 °Torr. They have observed thatthe BBO Im becomes polycrystalline
and multiphase at low substrate temperatures, achieving good crystallinity only at higher
temperatures. In situ monitoring indicated that a substrate temperature of 500 C and an
ozone pressure of 5 10 ° produces atomically smoothest surfaces. They attempted to
dope BBO with Potassium (K), but found that K did not remain in the deposited layer at the
growth temperature. Instead, they sought a non-volatile element with a similar ionic radius
to K and tried doping BBO with La 3*. La replaces Bismuth (Bi) to form stable BaLaO 5 and
Ba,BiLaOg compounds, which contain LaO , layers where La occupies the B-site, similar to
Copper (Cu) in cuprates. Motivated by the optimal doping concentrationof 1~ /3 holes per Bi
in BKBO, they designed a Im (Ba ;Bi,LaOg = 2BB O+ 1B LO) where LaO, layers with a total
charge of 1 can be the charge reservoirs by providing one hole to the system. Nevertheless,
even though this arti cial compound was successfully synthesized, they did not observe
superconductivity. Among their 20 samples, only 3 exhibited even metallicity. They left
open questions regarding these results but suggested that the formation of a large number

of oxygen vacancies was the most likely explanation [27].

1.4.1 Polar catastrophe and two-dimensional electron gas

Since its discovery in 2004, the LaAIlO 3/ SrTiO5(001) (LAO/ STO) heterostructure has be-
come one of the most studied systems due to its unique interface conductivity, which
arises from the polar-nonpolar nature of the material  [28]. The conductivity and super-

conductivity observed at low temperatures in this material originate from the formation



of a two-dimensional electron gas (2DEG) at the interface, explained by the polar catas-
trophe model. This mechanism can also be utilized to achieve a 2DEG at the interfaces of
BBO-based Ims.

The polar catastrophe model explains the electronic reconstruction at the interface
of polar and non-polar materials, such as in the case of LAO /STO. As illustrated in Fig-
ure 1.6(a) and (b), the unreconstructed interface of STO layers is neutral. However, as the
number of layers increases, the polarity of the LAO layers results in a divergent potential
due to the alternating net charges. This divergence is not physical and should not occur.
According to the polar catastrophe model, depending on the surface termination, if half
an electron (hole) transfers to the last TIO , (SrO) layer, the divergence catastrophe at the
AlO,/ LaO/ TiO, (LaO/ AlO,/ SrO) interface can be eliminated as depicted in Figure 1.6(c)
and (d). This transfer causes a redistribution of charges, altering the electric eld and thus
preventing the divergence of the electric potential. We will discuss how this applies to
BBO/ LTO heterostructure in Chapter 3.

Altering the B cation site of the perovskite sturucture (ABO 3), one can achieve broader
range of materials that exhibit similar behavior as LaAlO 5/ SrTiO;.

Chambers et al. [30] has altered the B-cation site of the perovskite and has examined
LaCrO5 / SrTiO4 interface by depositing the materials using molecular beam epitaxy. They
demonstrated that the electrostatic potential drops depending on the Im thickness, reach-
ing a critical thickness where charge transfers from the top layer to the interface, becoming
energetically favorable. This mechanism, known as the polar catastrophe model, mitigates
the polar discontinuity within the material. However, the layer structure of materials may
not be as abrupt as depicted in the polar catastrophe model, and a gradual change in
species is observed over a few unit cells. This phenomenon, called cation intermixing, is
another mechanism that can suppress the electric potential within the material, inducing

electronic reconstruction and interface conductivity  [31]. However, the LaCrO 3/ SrTiO,
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