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Abstract 

 

When two different transition-metal oxide thin films are stacked together, charge transfer can 

occur across the interface in certain cases. Interfacial charge transfer has been experimentally 

established as a promising mechanism to induce emergent electronic and magnetic phenomena. 

However, there is no established theoretical framework to predict or explain charge transfer in 

Transition metal oxides and experimental verification of existing theories is critical towards 

bridging this gap.  

Motivated by the prediction of interfacial charge transfer in 3d-5d oxide heterostructures by 

Phys. Rev. X 7, 011023 (2017), high quality epitaxial (SrIrO3)n/SrCoO3)m (SIO/SCO) 

superlattices were grown using Molecular Beam Epitaxy (MBE). Scanning transmission electron 

microscopy and X-ray diffraction data confirmed excellent structural and crystalline quality of 

the films. X-ray absorption study (XAS) of Co L and O K edges confirms the perovskite nature 

of the SCO films. While SrCoO3 underwent significant degradation when exposed to air for over 

24 hours, it remained intact even after 6 months, when incorporated into a superlattice with 

SrIrO3. This is likely because that Ir donates electron to Co and makes the structure stable.  

Charge transfer was confirmed using synchrotron-based polarization-dependent hard X-ray 

absorption spectroscopy on Co K and Ir L2,3 edges. The findings were complemented by In-

vacuo X-ray photoelectron spectroscopy (XPS) and ex-situ Hard X-ray photoelectron 

spectroscopy (HAXPES) of Co 2p spectrum. An anisotropy between in-plane and out-of-plane 

charge transfers was observed indicating a corresponding anisotropy in the electronic structure. 

This suggests that the interface added another degree of symmetry-breaking, in consistent with 

previous studies. Polarization-dependent Ir L2 edge data indicated a strain-induced orbital 

polarization in SrIrO3 layers arising due to charge transfer or polar distortions due to interfacial 

effects. Angle-dependent pre-edge data on Co K edges indicated minimal Co 3d-4p mixing 

suggesting that SrCoO3 layers in the superlattice remained just as distorted Octahedral 

coordination. A stronger hybridization effect was observed towards out-of-plane with the 

decreasing SIO : SCO layers ratio. Charge transfer was observed in Sr2CoIrO6 double perovskite 

films with a higher ratio of Co2+ than the superlattices.  
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These findings provide new insights into charge transfer mechanisms in metallic transition metal 

oxides, offering pathways to improve existing theoretical frameworks and explore novel 

interfacial physics. 
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Chapter 1 : Backgrounds and Motivation 

 

1.1 Introduction 

Thin film science involves depositing a small amount of material- often as a continuous layer- 

onto a substrate to tailor its properties for specific applications. Epitaxial thin film refers to the 

growth of a crystalline layer on (epi) the surface of a crystalline substrate, where the 

crystallographic orientation of the substrate surface imposes a crystalline order (taxis) onto the 

thin film. This implies that film elements can be grown, up to a certain thickness, in crystal 

structures differing from their bulk [1,2]. 

Thin films provide a versatile platform for exploring novel physical phenomena, with charge 

transfer emerging as a key driving mechanism. This dissertation focuses on charge transfer 

phenomena, and this chapter presents an overview of thin film systems relevant to this 

dissertation, along with the corresponding physics.  

 

1.2 Complex oxides 

Complex oxides are compounds consisting of oxygen 

and usually with a greater number of chemical elements 

than conventional semiconductors, having more complex 

crystal structures  [3]. These materials display the full 

spectrum of electronic, optical, and magnetic properties- 

including insulating, semiconducting, metallic, 

superconducting, ferroelectric, pyroelectric, 

piezoelectric, ferromagnetic, multiferroic, and nonlinear 

optical behaviors- all within structurally compatible 

frameworks. This remarkable diversity makes complex 

oxides highly promising for advanced electronic 

applications [4]. 

Figure 1.1: Interactions between different 
degrees of freedom lead to rich physics in 
complex oxides. (Adapted from [6]) 
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The rich variety of phenomena observed in oxides is largely driven by the role of oxygen. 

Oxygen’s strong electronegativity draws electrons away from neighboring atoms, creating 

intense local electric fields at the atomic scale. These fields can give rise to substantial electron 

electron-correlations in neighboring atoms, leading to rich physics phenomena  [3,5]. As 

depicted in Figure 1.1 [6], additionally, the complex interactions between charge, orbital, spin, 

and lattice degrees of freedom can cause drastic changes in the electronic states upon subtle 

extrinsic perturbations, leading to exciting new physics [6,7]. 

 

1.2.1 Perovskite oxide thin films and heterostructures 

One particular complex oxide- perovskite-structured 

transition metal oxide- has attracted significant attention 

due to their structural versatility and rich physical 

properties. The typical chemical formula of a perovskite 

is ABO3, where A and B represent two different cations: 

A-site cations are typically large and 12-coordinated. B-

site cations are smaller and 6-coordinated [8]. The ideal 

perovskite has a cubic lattice (Figure 1.2) [9], where a is 

the cubic unit cell parameter. In this ideal structure, 

atoms are in contact with one another, forming a highly symmetric arrangement. 

However, just few compounds exhibit the perfect cubic structure, many oxides adopt distorted 

variants with lower symmetry, such as orthorhombic, tetragonal, monoclinic, rhombohedral etc. 

These distortions arise due to differences in the ionic radii of the A and B cations. They influence 

the electronic structure, dipole moments, and crystal field effects, making them critical to the 

material's behavior [10]. 

Many perovskite oxides exhibit significant oxygen or cation deficiencies. Despite these 

imperfections, they are still classified as perovskites due to their large lattice energy and 

structural framework [8]. One typical polymorph of the perovskite structure is brownmillerite 

(A2B2O5) structure. Brownmillerite (BM) is an oxygen deficient type of perovskite in which the 

Figure 1.2: An ideal Perovskite structure 
and the corresponding structure 
parameters. (Adapted from [9]) 
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oxygen vacancy is ordered. The unit cell contains BO6 and BO4 units in an ordered arrangement. 

Because of the oxygen deficiency, the coordination number of A-site cations decreases to 8. 

 

As shown in Figure 1.3 [8], various combinations of cation charges have been observed in 

perovskite compounds, such as 1+5, 2+4, and 3+3. These combinations allow a wide range of 

chemical elements to be accommodated within the perovskite structure. Given the chemical and 

structural compatibility, this malleable structural host offers an opportunity to customize 

electronic, magnetic, and optical properties in ways not possible with conventional 

semiconductors [4]. At the same time, the structural compatibility of these compounds allows 

them to be stacked on top of each other into complex multifunctional heterostructures with 

relative ease [6]. This way, in their interfaces, their properties can be further tuned through 

symmetry breaking, charge transfer, strain, and other effects. 

 

Figure 1.3: Chemical elements that can occupy sites in the perovskite structure. (Adapted from [8]) 
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1.3 Interfacial charge transfer and its significance 

Physics phenomena at interfaces of solids have stimulated intense research activity in recent 

decades. In his Nobel Lecture in 2000, Herbert Kroemer said, "the interface is the device”, 

referring to the remarkable properties found in the interface of two layers. 

When two different transition-metal oxide (TMO) thin films are stacked together, in certain 

cases, charge transfer can occur from one film to the other. Consequently, the properties of the 

interface and nearby atomic layers can be fundamentally different from the constituent layers due 

to a modification of the d-orbital occupancy [1].  

Interfacial charge transfer has been established experimentally as a powerful mechanism that can 

induce emergent phenomena. A classic example is the discovery of high mobility two-

dimensional electron gas in the interface of LaAlO3/SrTiO3 , although both constituent layers are 

wide band gap insulators  [11]. Other examples include observation of interfacial 

ferromagnetism in superlattices composed of antiferromagnetic and paramagnetic layers  [12–

14], High-temperature superconductivity  [15] etc. A list of emergent phenomena in oxide 

heterostructures is shown in Table 1.1 [16]. 
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Table 1.1: Different charge transfer mechanisms in oxide heterostructures. (Adapted from [16]) 
 

Mechanisms Examples Emergent Phenomena 

Polarity difference LaAlO3/SrTiO3 

The interface is metallic, magnetic, and 

superconducting, although the constituents 

are insulators in bulk. 

Occupancy 

difference 
LaTiO3/SrTiO3 

The interface is metallic, although LaTiO3 is 

a Mott insulator and SrTiO3 is a band 

insulator. 

Electronegativity 

difference 

LaTiO3/LaNiO3 

Ni at the interface is in a d8 Mott insulating 

state, although Ni in LaNiO₃ is in a d7 

metallic state. 

LaTiO3/LaNiO3/LaAlO3 

Ni at the interface has a huge orbital 

polarization, although Ni in LaNiO3 has 

negligible orbital polarization. 

LaMnO3/LaNiO3 

The interface can be either insulating or 

metallic depending on the thickness of 

LaMnO3 and LaNiO3, although LaMnO3 is 

an insulator and LaNiO3 is a metal. 

Ba2VFeO6 

Ba2VFeO6 is ferroelectric although both 

BaVO3 and BaFeO3 have cubic structures 

(not ferroelectric). 

SrVO3/SrMnO3 
Mn at the interface is doped and becomes 

metallic although SrMnO3 is an insulator. 

Manganite/Cuprate 

At the interface, Cu has a multi-orbital Fermi 

surface, although it is single-band in bulk; 

and Mn forms different magnetic domain 

structures from bulk. 
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1.4 Theory of charge transfer in complex oxides 

There are established frameworks such as Anderson’s or the Schottky-Mott rule to explain charge 

transfer in semiconductors [17,18]. However, the application of these rules to transition metal 

oxides remains challenging because work functions in TMOs are extremely sensitive to specific 

surface terminations and microscopic details of the surface [19]. Strong correlations in TMOs 

make calculating electronic structure more challenging, leading to a search for a more general 

theory [16]. Experimental verification of existing theories is critical towards advancing this 

effort.  

Zhong and Hansmann developed a model to predict both 

magnitude and direction of charge transfer in interfaces of 

complex oxides [17]. They pursued this goal by setting a 

continuous oxygen matrix in the interface of two 

perovskites ABO3/AB’O3, as shown in Figure 1.4 [20]. 

This results in a mismatch of the Fermi energy, as shown in 

Figure 1.5(a) and acts as a driving force for charge transfer 

between the layers. The results of their density functional 

theory (DFT) calculations are summarized in Figure 1.5(c), which shows the average energy of 

oxygen 2p states (filled symbols) and the average energy of partially filled d orbitals (empty  

symbols) with respect to the Fermi level. A prediction of the theory is that, given the monotonous 

behavior of εp within one group over different periods, electrons will also be transferred from the 

heavier to the lighter B elements. 

Figure 1.5: (a) Alignment of oxygen states at the interface, (b)The final equilibrium state. εp and εd are the local 
energy levels of oxygen p and TM- d states, (c) DFT reference data for SrBO3. (Adapted from [17])

Figure 1.4:  Oxygen continuity in the 
interface. (Adapted from [20]) 
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Therefore, the theory suggests that in the superlattice consisting of SrCoO3 

(SCO) and SrIrO3 (SIO), shown schematically in Figure 1.6, Ir will donate 

electrons to Co. The authors implied similar conclusions for Sr2CoIrO6 

double perovskites, which consists of SIO/SCO layers in the (111) 

direction [21]. Motivated by their work, the superlattice system was 

investigated both computationally using density functional theory (DFT) 

modeling and experimentally through molecular beam epitaxy (MBE) 

synthesis and spectroscopic characterization, while the double perovskite was 

studied experimentally.  The interface study of 5d SrIrO3 (SIO) and 3d 

SrCoO3 (SCO) has potentiality of producing rich physics arising from 

interplay of strong electron correlation due in cobalt-based [22] and strong 

spin–orbit coupling in iridium-based systems [23,24].  

 

1.5 About SrCoO3 and SrIrO3 thin film systems 

SrCoO3 (SCO) is a ferromagnetic metal with a Curie temperature between 280K - 305K  [25–

27]. It crystallizes in a cubic perovskite structure in the space group Pm-3m [27]. However, due 

to the multivalent nature of Co, the perovskite (P-SCO) phase can readily degrade into the 

brownmillerite SrCoO2.5 (BM-SCO) phase- an antiferromagnetic insulator  [28,29]. Both of these 

configurations are shown in Figure 1.7 [30], which depicts the picture of oxygen 

vacancy/injection to transform from one phase to the other. Although SrCoO3 thin films are 

widely synthesized to study its intrinsic properties, its metastable nature poses significant 

challenges in its potential for real-life applications.  

Density functional theory (DFT) predict that, a moderate tensile strain of 2.0% induces a 

transition from a ferromagnetic (FM) metallic state to an antiferromagnetic (AFM) metallic 

state [31]. However, experimental results from highly tensile-strained samples show contrasting 

behavior [32,33], though the authors [32] observes a metal-to-insulator transition along with the 

increase of the tensile strains, consistent with theoretical predictions. These predictions suggest 

that SrCoO3 can be engineered near a strain-tunable phase boundary, and an alternative 

mechanism, such as charge transfer has the merit for investigation. 

Figure 1.6: A 
schematic of an 
SIO/SCO 
superlattice. 
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On the other hand, SrIrO3 (SIO) is a paramagnetic semi-

metal crystallizing in Pbnm structure, representing the end 

member of the Srn+1IrnO3n+1 Ruddlesden-Popper series with 

n= ∞ [34]. Within this series, as the number of neighboring 

Ir4+ atoms increase from 4, 5 to 6, the 5d bandwidth 

broadens modifying the ground state, from a Mott insulator 

(Sr2IrO4) to a weak insulator (Sr3Ir2O7), and ultimately to a 

correlated metal (SrIrO3). In thin SrIrO3 (SIO) films the 

strain effect can induce a metal-insulator transition [35,36]. 

Figure 1.8 illustrates the crystal structure of orthorhombic 

perovskite SrIrO3, where Sr, Ir, and O atoms are represented 

by aqua, blue, and red spheres, respectively [24]. As shown, 

the IrO6 octahedra are rotated about the z-axis and tilted 

along the [110] direction. These distortions result in four formula units per unit cell and lead to a 

deviation from ideal octahedral symmetry.  The rotation angle of the IrO6 octahedra for SrIrO3 

films grown on SrTiO3 substrate (~1% lattice mismatch) is approximately α ≈ 15.2° (14.4°) [37] . 

Figure 1.7: SrCoOx film in perovskite (left), and brownmillerite (right) phase. 
(Adapted from [30]) 

Figure 1.8: Crystal structure of 
orthorhombic perovskite SrIrO3. Sr, Ir, 
and O atoms are shown in aqua, blue, and 
red. (Adapted from [24]) 
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Such octahedral distortions are commonly observed in iridate systems and are closely linked to 

their emergent quantum phenomena [37,38]. 

Iridates have recently attracted significant attention due to their strong spin-orbit interactions 

(SOI) and the consequent influence on their physical properties. In iridates, under octahedral the 

Oh symmetry, the five-degenerate d-orbitals split into a lower-energy t2g and a higher-energy eg 

doublet (explained in the sub-section 1.7.1). In the strong spin-orbit coupling (SOC) limit, the t2g 

manifold further splits into states characterized by an effective total angular momentum: a Jeff = 
3
2
 (quartet) and a Jeff = 1

2
 (doublet) [24,39]. The Jeff = 3

2
 states lie lower in energy and the states are 

separated by an energy gap 3𝜆𝜆
2

  [34]. In the Jeff = 3
2
 multiplet, the spin and orbital angular 

momenta are aligned (parallel), whereas in the Jeff = 1
2
 multiplet, they are anti-aligned 

(antiparallel) [40]. 

 

1.6 Significance of 3d-5d interface study and SrCoO3 / SrIrO3 heterostructures 

Superlattices are a class of engineered thin film heterostructures composed of alternating layers 

of two or more dissimilar materials, typically with individual layer thicknesses on the order of a 

few nanometers. These periodic structures are designed to exploit quantum confinement and 

interfacial effects, enabling the emergence of novel physical phenomena not present in the bulk 

constituents [41–43]. These structures further allow for precise control over band alignment, 

strain, and orbital hybridization. This dissertation investigates superlattice structures composed 

of alternating layers of SrCoO3 and SrIrO3, with a final capping layer of SrIrO3 to stabilize the 

topmost SrCoO3 layer. A schematic representation of the structure is provided in Figure 1.6. 

A unique feature of iridates is the presence of strong spin- orbit coupling (SOC), which competes 

with crystal field (FC), electron-electron (U) and other interactions, as shown in  

Table 1.2, leading to highly tunable and novel electronic and magnetic ground states [34,44]. 

The delicate balance of these interactions is influenced by factors such as local atomic 

configuration [45], structural dimensionality [46], and chemical doping [47,48]. Studying charge 

transfer in superlattices comprised of SrIrO3 therefore provides an excellent platform to probe 

the intricate interplay of the competing interactions that can offer wide-ranging opportunities for 
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the discovery of exotic states and engineer novel device functionalities. On the other hand, 

electron-electron interactions play a pivotal role in driving emergent quantum phenomena in 

strongly correlated systems [49]. Therefore, studying a strongly spin-orbit coupled 5d SrIrO3 in a 

superlattice with a strongly correlated 3d SrCoO3 [22,44] can further make the system more 

interesting and give rise to rich physics. For example, a manipulation of the magnetic anisotropy 

has been demonstrated in the ferromagnetic La2/3Sr1/3MnO3 (LSMO) by tuning the SrIrO3 

dimensionality  [50]. In superlattices comprised of 3d La1−xSrxMnO3 ( 0 ≤ x ≤ 1) and 5d SrIrO3, 

ferromagnetism is observed despite the fact that La1−xSrxMnO3 is antiferromagnetic for x > 

0.5 [51].  

 
Table 1.2: A comparison of relative strengths among different competing interactions in 3d, 4d, and 5d systems. 
(Adapted from [34]) 

System Coulomb repulsion 

U (eV) 

SOI strength 

λ (eV) 

Spin state Relative strength 

3d 5-7 0.01-0.1 HS U > CF > λ  

4d 0.5-3 0.1-0.3 LS / IS U ~ CF > λ 

5d 0.4-2 0.1-1 LS U ~ CF ~ λ 

 

Synthesis of 3d-5d superlattices and heterostructures where both constituent layers are metallic 

oxides remain largely unexplored [52]. Therefore, a comprehensive investigation of the 

SIO/SCO system can serve as an important step toward bridging this gap. 

On the other hand, Sr2CoIrO6 (SCIO) can be viewed as a superlattice composed of alternating 

SrCoO3 and SrIrO3 layers in the (111) direction [21].  Therefore, it can provide another 

compelling platform to explore electronic and magnetic phenomena driven by the interplay of 

spin-orbit coupling, electron correlations, and structural distortions. Sr2CoIrO6 has been reported 

to crystallize in the monoclinic structure with the space group I2/m and pseudocubic lattice 

constants a = 0.3909 nm, b = 0.3925 nm, and c = 0.3921 nm [53]. A schematic of SCIO is shown 

in Figure 1.9 [21]. 
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Theoretically, SCIO has been predicted to exhibit an antiferromagnetic Mott insulating ground 

state, characterized by antiparallel alignment of Co and Ir magnetic moments along the [110] 

crystallographic direction [21]. While SrIrO3 is a semimetal with a quenched spin and orbital 

moment, remarkably in SCIO, a substantial enhancement of the Ir magnetic moments has been 

predicted, with spin and orbital contributions of 1.21–1.25 μB and 0.13 μB, respectively [21]. 

However, experimental investigations using x-ray absorption spectroscopy (XAS) and x-ray 

magnetic circular dichroism (XMCD) at the Ir-L2,3 edges, reports a nearly zero orbital 

contribution to the Ir magnetic moment [54]. 

A noticeable charge transfer from Ir to Co in the SCIO double perovskite has been reported  [21], 

resulting in mixed valence state comprising predominantly Ir5+ (Jeff = 0) and Co3+ (S = 2) with a 

small portion of (~10%) Ir6+ (S = 3/2) and Co2+ (S = 3/2) [53,54]. 

 

 

 

 

  

Figure 1.9: Structure of (a) SrCoO3, (b) SrIrO3, and (c) double perovskite Sr2CoIrO6. Sr, Co, Ir, and O 
ions are shown in green, yellow, blue, and red, respectively. (Adapted from [21]) 
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1.7 Physics corresponding to cobaltite and iridate systems 

1.7.1 Crystal field theory 

Crystal Field Theory (CFT) describes the interaction between a central metal ion and 

surrounding ligands purely in terms of electrostatic forces. It assumes that ligands behave as 

point charges, creating an electrostatic field that interacts with the metal d-electrons through 

Coulombic repulsion, known as the crystal field. This field perturbs the degenerate energy levels 

of the metal ion’s d-orbitals. Ligand field theory (LFT), a modification of crystal field theory 

additionally considered covalent bonding between the metal and its ligand [55]. LFT is 

essentially a molecular orbital approach that provides a more accurate description of bonding and 

electronic structure in coordination complexes. The basic idea can be explained in terms of a Co 

ion as follows.  

A Co atom free from the influence of the rest of the universe would have five d orbitals of equal 

energy (degeneracy). However, when placed in a crystal environment, the surrounding negatively 

charged ligands generate an inhomogeneous electric field that lifts this degeneracy [5]. Let’s 

consider six ligands approaching the metal ion symmetrically along the Cartesian axes, forming 

an Octahedral (Oh) geometry. Due to electrostatic repulsion between the ligand electrons and the 

metal’s d-electrons, the five d-orbitals split into two energy levels: eg and t2g [56,57]. The eg 

orbitals have lobes that point at the ligands and so will ascend in energy. The t2g orbitals have 

lobes that lie between ligands and so will descend in energy. 

 

 

 

 

 

 

 

 

Figure 1.10: splitting of the degenerate d-orbitals. (Orbital shape has been adapted from [57) 
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The energy difference between these two sets (Δo), sometimes referred to as 10Dq, is called the 

ligand field splitting and given by [58]: 

10Dq = 10 ⋅
35
4a5

⋅
2ZL
105

⟨Rnl(r)|r4|Rnl(r) 

The crystal field strength with Oh symmetry is therefore proportional to electron radial 

expectation [⟨Rnl(r)|r4|Rnl(r)⟩, ], ligand bond length reciprocal quintic value a-5, and ligand 

effective charge ZL. When the two bonds in z- and z+ direction are prolonged or compressed in 

length as compared to four in-plane bonds, the Oh symmetry is distorted to D4h tetrahedral 

symmetry. 

The local structural symmetry of solid crystal material is denoted as specific point group. Group 

theory plays a major role in finding the degeneracy and the symmetry types of the electronic 

levels in the crystalline field. The type of new energy levels is dependent on the type of crystal 

potential, and the energy levels are often written in lowercase (eg, t2g) when referring to 

molecular orbitals. 

 

 

 

 

Figure 1.11: d-Level splitting in various crystal fields. (Adapted from [56]) 
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1.7.2 Pairing energy (vs crystal field) and spin-state 

The mean pairing energy P is the energy cost associated with placing two electrons in the same 

orbital, primarily due to electron- electron repulsion [55,59]. For configurations d1 - d3 and d8 - 

d10 there is only one ground state configuration. For configurations d4 – d7, there are two possible 

filling schemes- high spin and low spin, depending on the relative strength of Δo and P. For a 

given metal ion, the pairing energy is relatively constant, so the spin state depends upon the 

magnitude of the field strength Δo [60]. If Δo > P, electrons preferentially pair in the lower-energy 

t2g orbitals a low-spin metal ion. Conversely, if Δo < P, a high-spin state configuration appears to 

minimize pairing by spreading the electrons across both the t2g and eg levels [55,59]. 

First-row transition metals with weak-field ligands typically form high-spin complexes, while 

strong-field ligands favor low-spin configurations. The crystal field splitting energy (Δo) 

increases with the oxidation state and across the transition series. A general trend in Δo values for 

common metal ions is [55]:  

Mn2+ < Ni2+ < Co2+ < Fe2+ < V2+ < Fe3+ < Cr3+ < V3+ < Co3+ 

Meanwhile, 4d and 5d complexes are usually low spin, this is because the increased nuclear 

charge arising from larger atoms gives rise to a larger splitting. 

Spin-state crossover in cobaltites: 

Co oxides have garnered significant attention due to their diverse and intriguing physical and 

chemical properties. Among these, spin-state crossover is particularly notable, arising from the 

small energy differences between various spin configurations. The spin state crossover can lead 

to a change in the density of states near the Fermi level, resulting in unconventional transport 

properties such as the metal- insulator transition [22]. 

Co ions can exist in multiple valence states Co2+, Co3+ and Co4+ spanning over three spin 

configurations: low-spin (LS), intermediate-spin (IS), and high-spin (HS) states, as shown in 

Figure 1.12. For instance, in the case of trivalent Co (Co3+), which has six 3d electrons, the spin 

state depends on the electron configurations: t2g6 eg0, t2g5 eg1, and t2g4 eg2, respectively, correspond 

to the LS, IS, and HS states of Co3+ [22]. The actual spin state adopted by the ion is determined 

by the competition between crystal field splitting energy and electron pairing energy as described 

above. 
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The HS state corresponds to the configuration with the maximum spin angular momentum (S = 

2). The existence of IS Co3+ or IS Co4+ implies the wave function of 3d electron cannot be 

approximated by atomic 3d orbitals. Although this state is normally energetically unstable, it can 

be stabilized by lowering the crystal field symmetry (Jahn- Teller effect), which splits both t2g 

and eg orbitals, allowing an electron to occupy the eg orbital and thereby realizing the IS 

configuration [22]. 

 

1.7.3 Spin-orbit coupling (SOC) 

Spin-orbit interactions can have significant impact on the electronic, transport and magnetic 

properties of 4d and 5d transition metal oxides because of their larger atomic numbers. The 

interaction of electron’s spin dipole moment with the orbital magnetic field in a central field of 

potential V(r) can be expressed as (including Thomson precession) [61,62]: 

ℋ𝒮𝒮𝒮𝒮(𝑟𝑟) =
𝑟𝑟−1

2𝑚𝑚2𝑐𝑐2
∂𝑉𝑉(𝑟𝑟)
∂𝑟𝑟

  

Figure 1.12: Schematic representation of the valence and spin states of 
Cobalt in three different oxidation states. 
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Here, m is the mass of the electron, L and S are the orbital and spin angular momentums 

operators, λ is the spin-orbit interaction strength. 

For the hydrogenic wavefunctions Rnl (r), it can be found that [61]: 

λ𝑛𝑛𝑛𝑛 = � 𝑅𝑅𝑛𝑛𝑛𝑛2 λ(𝑟𝑟)𝑑𝑑3𝑟𝑟
∞

0
=

α2𝑍𝑍4

𝑛𝑛3𝑙𝑙(𝑙𝑙 + 1/2)(𝑙𝑙 + 1) Ry 

Here, α is the Fine-structure constant, n and l are principal and 

orbital angular momentum quantum numbers, and Ry is Rydberg 

unit of energy. The above equation suggests that spin-orbit 

coupling strength increases as Z4. However, in the solid, the 

outer electrons are the relevant electrons, whose quantum 

numbers nl change with Z. If one considers the outermost 

electrons for the atoms without worrying about nl, then Landau 

and Lifshitz have argued that the spin-orbit interaction strength 

should scale more like Z2 [61]. 

λ = Aα2𝑍𝑍2 Ry 

where A is of the order of one. The spin-orbit coupling strength λnl  for atoms is shown as a 

function of the atomic number Z in Figure 1.13. The color lines represent the calculated results 

by Herman and Skillman [61,63], obtained using the Hartree-Fock method. The upper dashed 

line represents the hydrogenic Z4 dependence. For the outermost electrons- represented by circles 

and the shaded region- relevant in the context of solids, the quantum numbers n and l vary with 

Z2. In this regime, the spin-orbit interaction increases more gradually, approximately following 

the Landau-Lifshitz Z2 scaling (lower dashed line). As described in section 1.5, as a result of 

strong spin-orbit coupling in iridates, the t2g orbitals splits into: Jeff = 3
2
 (quartet) and a Jeff = 

1
2
 (doublet) states [24,39]. Figure 1.14 depicts SOC effect on iridates along with the effect of 

compressive strain, an important impact on the eg energy levels [49]. 

Figure 1.13: SOC in Rydberg 
energy units as a function of atomic 
numbers by different models. 
(Adapted from [61]) 
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1.7.4 The Kondo effect 

The Kondo effect is a fundamental quantum many-body phenomenon that arises when magnetic 

impurities in a metal interact with conduction electrons. It was first explained by Japanese 

theorist Jun Kondo in 1964. Kondo discovered that when conduction electrons scatter off a 

localized magnetic impurity, the second-order term in the perturbation series could be much 

larger than the first, leading to a logarithmic increase in electrical resistance as temperature 

decreases [64]. This explained the observed upturn in resistance at low temperatures. However, 

the theory also makes the unphysical prediction that the resistance will be infinite at even lower 

temperatures. This was resolved in 1974 by Kenneth Wilson, who proved that below a 

characteristic Kondo temperature Tk, the impurity’s magnetic moment becomes fully screened by 

conduction electron spins. This spin-screening is analogous to charge screening in metals, though 

the mechanisms differ [65]. 

The Kondo effect only arises when the defects are magnetic - in other words, when the total spin 

of all the electrons in the impurity atom is non-zero. The simplest model of impurity was 

introduced by Phil Anderson in 1961. This model describes a single electron level with energy ε₀. 

The electron can quantum mechanically tunnel from the impurity and escape provided its energy 

lies above the Fermi level, otherwise it remains trapped.  

The mechanism underlying the Kondo effect involves exchange processes that can flip the 

impurity spin from up to down (or vice versa) [65]. Imagine a magnetic impurity (an ion) sitting 

in a metal lattice. The impurity's highest energy electron has an energy less than that of the 

Figure 1.14: SOC and compressive strain effect on energy levels of Iridates. 
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Fermi-sea of the lattice. In some circumstances this electron can tunnel to an unoccupied state 

near the surface of the Fermi-sea, however, this would require a substantial amount of energy (on 

the order of several eV) [65,66]. Classically, it is forbidden to take an electron from the defect 

without putting energy into the system. In quantum mechanics, however, the Heisenberg 

uncertainty principle allows such a configuration to exist for a very short time - around h/|εo|, 

where h is the Planck’s constant. The magnetic impurity's electron can spontaneously tunnel 

from the impurity to the lattice's Fermi-sea within the timescale, if an electron from the Fermi 

sea tunnels to the available state in the impurity. In this case, the spins of these two electrons do 

not need to be identical - we can have a spin exchange. This spin exchange qualitatively changes 

the energy spectrum of the system Figure 1.15(a) (right) [65]. When many such exchange 

processes occur collectively, they generate a new quantum state known as the Kondo resonance, 

which has the same energy as the Fermi level [65,66]. Such a resonance is very effective at 

scattering electrons with energies close to the Fermi level. Since the same electrons are 

responsible for the low-temperature conductivity of a metal, the strong scattering contributes 

greatly to the resistance. 

The Kondo resonance always aligns with the Fermi energy, regardless of the initial impurity 

level. The only requirement for the effect to occur is that the metal is cooled to sufficiently low 

temperatures below the Kondo temperature TK. This phenomenon only occurs at low 

temperatures because the Fermi distribution (of filled vs unfilled states) broadens as temperature 

increases [66]. 
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Mathematically, using a perturbative Hamiltonian, the transition probability per unit time from 

an initial state a to a final state b is given to second order in the Born approximation by [64,66]: 

𝑊𝑊(𝑎𝑎 → 𝑏𝑏) =
2π
ℏ
δ(𝐸𝐸𝑎𝑎 − 𝐸𝐸𝑏𝑏) �𝐻𝐻𝑎𝑎𝑎𝑎′ 𝐻𝐻𝑏𝑏𝑏𝑏′ + �

𝐻𝐻𝑎𝑎𝑎𝑎′ 𝐻𝐻𝑐𝑐𝑐𝑐′ 𝐻𝐻𝑏𝑏𝑏𝑏′ + h.c.
𝐸𝐸𝑎𝑎 − 𝐸𝐸𝑐𝑐𝑐𝑐≠𝑎𝑎

� 

where a, b and c are total states of the system, with respective energies Ea, Eb and Ec. The term of 

order H’2 describes a single-step scattering process from a to b which is independent of 

temperature. The other term on order H’3, includes processes with an intermediate state c. 

Expanding the second term and considering a possible two-step scattering processes for a spin-

up electron with momentum k, the resistivity can be expressed as [64,66]: 

ρspin = 𝑐𝑐ρ𝑀𝑀 �1 + �
3𝑧𝑧𝑧𝑧
ϵ𝐹𝐹
� log(𝑇𝑇)� 

Here, c is the concentration of impurities, J is an experimentally determined constant relating the 

interaction strength. This expression contains log(T) temperature dependence, first identified by 

Jun Kondo. 

Figure 1.15: (a) The Anderson model of magnetic impurity assumes that it has just one electron level below the 
Fermi energy of the metal (red). This level is occupied by one spin-up electron (blue). Quantum mechanically, the 
spin-up electron may tunnel out of the impurity site briefly and be replaced by an electron from the metal, resulting 
in a spin-flip of impurity, (b) Many such events combine to produce the Kondo effect, which leads to the appearance 
of an extra resonance at the Fermi energy. (Adapted from [65]) 



38 
 

Chapter 2 : Thin Film Growth Method 

 

2.1 Introduction 

For the research presented in this dissertation, thin films were grown using the Molecular Beam 

Epitaxy (MBE) method in the Films, Interfaces, and Nanostructures of Oxides (FINO) lab at 

Auburn University (the lab has moved to the Department of Materials Science and Engineering 

at the University of Delaware). This chapter begins with a brief overview of thin films and 

epitaxial thin films. To provide context for the growth process, a schematic explanation of the 

MBE system is included, along with a description of a typical growth procedure. The chapter 

concludes with photographs of selected instruments used in the FINO lab. 

2.2 Thin films and epitaxial growth 

Thin films are low-dimensional materials formed by depositing atoms, molecules, or ions onto a 

substrate. Their growth is a complex, multi-stage process that begins with deposition and leads to 

the formation of a continuous film. Typically, thin films are deposited through thermal 

evaporation of source materials in a vacuum environment as shown in Figure 2.1 (a). A typical 

growth process of thin films on a substrate is illustrated in Figure 2.1(b) [67]. 

 

 

The thin film growth exhibits the following features [67]:  

1. It starts a random nucleation process followed by nucleation and growth stages.  

Figure 2.1: (a) Typical thin film deposition system in vacuum., (b) The growth models of the thin films. (Adapted 
from [67]) 
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2. The nucleation and growth stages are dependent upon various deposition conditions, such as 

growth temperature, growth rate, and substrate surface chemistry.  

3. The nucleation stage can be modified by external agencies, such as electron or ion 

bombardments.  

4. Film microstructure, associated defect structure, and film stress depend on the deposition 

condition of the nuclear stage.  

5. Crystal phase and crystal orientation of thin films are governed by the deposition conditions 

 

Techniques for growing thin films in high vacuum can be broadly categorized based on the mode 

of material transport: physical or chemical [68]. In Physical Vapor Deposition (PVD), like the 

Molecular Beam Epitaxy, the material- either the compound or its constituent elements- is 

vaporized from polycrystalline or amorphous sources at high temperatures. These vaporized 

species are then transported through the vacuum chamber to the substrate as vapor or thermal-

energy beams, without undergoing any chemical transformation. In contrast, Chemical Vapor 

Deposition (CVD) involves the generation of volatile precursor species containing the film’s 

constituent elements. These species are introduced into the reactor as vapor streams or beams and 

transported to the reaction zone near the heated substrate. There, they undergo chemical reactions 

or thermal dissociation to produce the reactive species that contribute to film growth on the 

substrate surface. 

Epitaxial thin film growth refers to the growth of a crystalline thin film on the surface of a 

crystalline substrate, where the crystallographic orientation of the substrate surface imposes a 

crystalline order (taxis) onto the thin film [69]. This implies that film elements can be grown, up 

to a certain thickness, in crystal structures differing from their bulk. When the film and substrate 

share the same crystal structure but have different lattice constants, the film experiences strain, 

resulting in a lattice mismatch that alters its lattice constant from the bulk value. 

As shown in Figure 2.2 (a), the growing film may initially shrink relative to the substrate. 

However, since the film and substrate must remain bonded, the film stretches to match the 

substrate length, resulting in tensile strain [70]. Conversely, Figure 2.2(b) illustrates a film under 
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compressive stress, where the film tends to expand and thus contracts relative to the 

substrate [70]. By convention, tensile strain is assigned a positive sign, corresponding to concave 

curvature of the film/substrate system, while compressive strain is assigned a negative sign, 

corresponding to convex curvature. 

 

 

 

 

 

 

 

 

 

 

 

2.3 Molecular Beam Epitaxy (MBE) 

Molecular beam epitaxy (MBE) is a thin-film deposition technique in which source materials are 

thermally evaporated in a controlled manner and directed onto a heated crystalline substrate 

under ultrahigh vacuum. Thin films crystallize through reactions between thermally energetic 

molecular or atomic beams of the constituent elements and the heated substrate 

surface [68,69,71]. The process occurs far from thermodynamic equilibrium and is governed 

mainly by the kinetics of the surface processes occurring when the impinging beams react with 

the outermost atomic layers of the substrate crystal [68]. 

It was originally developed for the growth of GaAs and (Al,Ga)As, but due to its unparalleled 

ability to control layering at the monolayer level and compatibility with surface-science 

techniques to monitor the growth process as it occurs, its use has expanded to other 

Figure 2.2: Residual (a) tensile, (b) compressive strain in a thin film. Fi are 
stress-induced forces and M is the induced bending moment. (Adapted from 
[70]) 
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semiconductors as well as metals and insulators [72]. A comparison of material properties 

between MBE and Non-MBE growths is shown in Table [73]. 

Table 2.1: Materials properties of different systems grown by MBE vs other methods. (Adapted 
from [73]) 

Material Best value by MBE Best value by non-MBE 

ZnO μe = 230,000 cm
2
/(V·s) at 1 K μe = 5,500 cm

2
/(V·s) at 1 K 

SrTiO3 μe = 53,200 cm
2
/(V·s) at 1 K μe = 6,600 cm

2
/(V·s) at 1 K 

SrRuO3 R300 K / R10 K = 115 R300 K / R10 K = 14 

SrVO3 R300 K / R5 K = 222 R300 K / R5 K = 2 

EuO Metal-insulator transition: ΔR/R=10
11

 Metal-insulator transition ΔR/R= 5*10
4
 

 

2.4 Auburn FINO Lab MBE system 

The Films, Interfaces, and Nanostructures of Oxides (FINO) lab operates an oxide MBE system 

specifically designed for the growth of complex oxide materials. It was designed by Mantis 

Deposition Ltd (unfortunately, the company is no longer in business). Figure 2.3 shows a 

schematic diagram of Auburn FINO lab MBE system [74]. 

2.4.1 Instruments 

• Located at the base of the system, effusion cells are the primary source of elemental flux. 

Each cell contains a crucible that holds the source material, which is thermally 

evaporated to form a molecular beam. These sources are precisely temperature-

controlled- typically using high-performance PID controllers with thermocouple 

feedback- achieving flux stability better than ±1% [68].  The crucible material is selected 

based on phase compatibility with the source to prevent melting or intermixing [73]. 

Shutters on each cell allow for precise temporal control of deposition.  

• For refractory elements such as Ir, Ta, Nb, Ti, and Hf, which require temperatures around 

2000 °C or more, metal-organic precursors are used instead. These precursors decompose 

at significantly lower temperatures (e.g., Ir at ~160 °C, Nb at ~75 °C), enabling efficient 
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incorporation into the film. The addition of a metal-organic gas delivery system classifies 

this setup as hybrid MBE [75–77] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

• A radio frequency (RF) plasma source operating at 300 Watts provides reactive oxygen 

species, essential for oxidizing complex oxides like cobaltites and for decomposing 

metal-organic precursors during growth. 

• The Quartz Crystal Microbalance (QCM) is a highly sensitive instrument used in MBE 

systems to measure flux rates at specific temperatures. It operates on the piezoelectric 

effect of quartz, which oscillates at a resonant frequency when an alternating voltage is 

applied. As mass accumulates or is removed from the crystal surface, this frequency 

shifts. The shift in frequency is directly related to the amount of mass added or removed, 

Figure 2.3: A schematic of the MBE system in Auburn FINO Lab. (Adapted from [74]) 
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allowing flux monitoring [78,79]. This helps to determine if the temperature of a certain 

element needs to be modified. 

• A 15 keV of electron beam generated by an electron gun probes the surface during 

growth. The diffracted electrons are detected on a phosphor screen. The corresponding 

technique, Reflection high-energy electron diffraction (RHEED), is an integral in-situ 

characterization tool that provides real-time feedback on surface structure and growth 

dynamics. 

• A camera positioned at the bottom of the chamber is used to guide inserting and 

retracting the substrate holder into the stage. It also helps to track the RHEED beam as it 

is impinged on the film/substrate and make any necessary adjustments in the stage/beam 

position get the most useful RHEED data. 

• The substrate manipulator holds and positions the substrate during growth. It has 

sophisticated heating systems that can ramp up temperature required to the desired phase 

of the film. The manipulator allows precise substrate positioning and rotation, essential 

for acquiring proper RHEED data. 

• A closed-loop chiller circulates SYLTHERM XLT™ coolant to maintain the chamber 

shroud at low temperatures, minimizing background pressure and contamination [80]. 

• The core of the MBE system is its Ultra High Vacuum (UHV) chamber, which provides a 

long mean free path for molecular beams, essential for high-purity film growth [81]. The 

FINO lab system operates at a base pressure of ~10-9 Torr.  A series of sophisticated 

pumping systems are used to achieve and maintain such a high level of vacuum. 

Following a venting, the chamber pumping begins with a scroll pump. Once the pressure 

drops below 50 mTorr, a turbomolecular pump is activated. When the pressure reaches 

10-5 Torr, the ion pump is turned on. Additionally, a cryogenic pump is employed to 

further enhance vacuum quality. The MBE system is integrated with an X-ray 

photoelectron spectroscopy (XPS) system via a high-vacuum transfer line. The XPS 

chamber is maintained under vacuum using a titanium sublimation pump. 
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2.4.2 Growth steps: 

1. Substrate selection: The first step for an MBE growth process involves selecting the 

appropriate substrate. For the works of this dissertation, the primary goal was to grow 

high quality films. Therefore, to minimize strain and defects, substrates were chosen to 

closely match the lattice parameters of the target film [82]. 

2. Substrate preparation: Substrates were cleaned via sonication in acetone and isopropanol. 

However, residues were found in some cases, so RHEED was used to assess surface 

quality and guide further treatment. The cleaned substrate was mounted in a substrate 

holder and loaded into the load-lock chamber for vacuum transfer. 

3. Flux Calibration: To grow a thin film in the desired phase, there are two key factors: the 

right composition and the right growth conditions. For example, for growing SrCoO3 

film, the Sr and Co ratio must be 1:1. The QCM is used to determine the flux rate, hence 

the necessary temperature for the growth materials. A different technique called 

Rutherford backscattering spectroscopy (RBS), explained in Chapter 3, was used to 

correlate the flux rate to the actual film deposition. Typical Oxide MBE growth occurs at 

elemental vapor pressures (created by source vapors) on the order of~ 10⁻³ - 10⁻⁴ 

Torr [73]. Arrhenius plots help correlate temperature with vapor pressure. If the desired 

flux is not achieved, the source temperature is adjusted accordingly. For Sr and Co 

sources, the flux rate equation from the kinetic gas theory [2] provided reliable 

predictions for estimating the temperature change required to reach the target flux. 

4. Determining growth conditions: Optimal growth conditions- such as substrate 

temperature and chamber pressure- are often established through iterative trial and error. 

The growth temperature is usually a balance the competing processes of adsorption and 

desorption of atoms on the substrate  [73,83]. Ellingham diagrams, which illustrate the 

thermodynamic stability of compounds as a function of temperature and oxygen partial 

pressure, serve as valuable tools for selecting initial growth parameters and predicting 

phase stability during deposition, especially in new material phases [84,85]. 
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2.5 Primary physical processes in an MBE growth 

The essential elements of an MBE system are shown schematically in Figure 2.4. Following 

beam generation, the system undergoes two other functional zones, each associated with distinct 

physical processes [68,86,87]:  

• Beam Interaction Zone: In the mixing zone in the MBE vacuum reactor, molecular beams 

from different sources intersect. However, the physical phenomena occurring in this 

region are not well understood. This is primarily because the mean free path of the 

molecules is typically much longer than the dimensions of the mixing zone, meaning that 

collisions or interactions between different molecular species are rare. As a result, the 

beams largely pass through each other without significant interaction before reaching the 

substrate.  

• Crystallization Zone: This is the substrate 

region where epitaxial growth occurs. A 

series of surface processes are involved in 

the growth, as shown in the Figure, which 

includes: 1) adsorption of the constituent 

atoms or molecules impinging on the 

substrate surface, 2) surface migration and 

dissociation of the adsorbed molecules, 3) 

incorporation of the constituent atoms into 

the crystal lattice of the substrate or the epilayer already grown, 4) thermal desorption of 

the species not incorporated into the crystal lattice. 

The substrate crystal surface is divided there into so-called crystal sites with which the impinging 

molecules or atoms may interact. Each crystal site is a small part of the crystal surface 

characterized by its individual chemical activity. A site may be created by a dangling bond, 

vacancy, step edge, etc. [68,88]. 

 

 

 

Figure 2.4: Schematic illustration of the essential 
parts of an MBE growth system. (Adapted from [68]) 
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2.6 Instruments in the Auburn FINO Lab 

 

 

 

 

 

 

 

 

 

Figure 2.5: Auburn FINO Lab MBE system. 
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Figure 2.7: Sr effusion cell. Figure 2.6: The manipular with the growth 
stage. 

Figure 2.9: A top-view of the 
effusion cells once the 
manipular removed. 

Figure 2.8: The XPS chamber and sample holder 
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Chapter 3 : Experimental Backgrounds 

 

3.1 Introduction 

This chapter presents a detailed overview on experimental backgrounds that include 

corresponding theory, basic working principle, overview on instruments and techniques on data 

acquisition. The molecular beam epitaxy (MBE) growth process starts with Rutherford 

backscattering spectroscopy (RBS) at Auburn University Physics department. Primary 

characterizations including in-situ Reflection High-Energy Electron Diffraction (RHEED) and 

in-vacuo X-ray Photoelectron Spectroscopy (XPS) are performed in the Auburn FINO Lab. Ex-

situ structural analysis using X-ray Diffraction (XRD) is carried out in the Auburn University 

Chemistry Department. Xray absorption spectroscopy (XAS) studies were conducted at 

Brookhaven and Argonne National labs. Electrical transport properties measurements- performed 

in Auburn Electrical and Computer Engineering department- is briefly described along with 

discussions in Chapter 6. 

 

3.2 Rutherford Backscattering Spectrometry (RBS) 

Rutherford Backscattering Spectrometry (RBS) is an ion beam analysis technique based on 

elastic collisions between incident high-energy ions (He or H ions) and atomic nuclei within a 

target material  [89–91]. When a collimated beam of intensity falls on a target in the form of a 

thin foil, the incident particles get scattered from the scattering centers and the target atoms get 

recoiled. The scattering process is governed by the repulsive Coulomb force between the 

positively charged incident ions (α-particles) and the target nuclei. This force follows an inverse 

square law, resulting in the scattered ions following hyperbolic trajectories. 

RBS has the following characteristics [90]: 

• Nondestructive and multi-elemental analysis technique for elements with depth 

concentration profiles 
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• Matrix independent (unaffected by chemical bonding states). 

• High precision (typically ±3%). 

• Increased sensitivity for heavier elements and best suited for analysis of heavier elements 

or layer on lighter substrates. 

• Depth range ∼ up to 2 μm for He and 20 μm for H ions. 

• Depth resolution: 5–50 nm. 

• Detection limit ∼ 1018 cm-3. 

• Spatial definition: Beam spot size 0.5–2.0 mm. 

The technique is named after Lord Ernest Rutherford, who first proposed the nuclear model of 

the atom. RBS as a method for materials analysis was first described in 1957 by Rubin et 

al. [92]. Today, RBS is commonly employed for three primary purposes: quantitative depth 

profiling, measurement of areal concentrations (in atoms/cm³), and analysis of crystal quality and 

impurity lattice sites. Additionally, it is used to detect surface and subsurface contaminants and to 

investigate crystal structures [89]. An example of thickness study is illustrated in Figure 3.1. In 

our study, RBS was utilized exclusively for the compositional analysis of thin films. 

 

3.2.1 Principle of RBS 

In RBS, the high-energy ions can penetrate samples and undergo billiard ball-like interactions 

with the nucleus of the atoms in the material and result in backscattering. The ratio of the 

projectile energy after a collision to the projectile energy before a collision is defined as the 

kinematic factor. In other words, the energy fraction (E1/E0) transferred from primary to scattered 

particles, governed by the laws of conservation of energy and momentum, is given by the 

kinematic factor K. To derive the relation for the kinematic factor, it is assumed that the 

interaction is elastic, projectile energy E0 is much larger than the binding energy of the atom in 

the target and the nuclear reactions and resonance must be absent. The Kinematic factor (K) is 

given by the following relation [89] assuming M2 > M1: 
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Where M1 is the mass of the incident α-particle (4He2+); M2 is the mass of the target atom; and θ 

is defined as the angle between the trajectory of the α-particle before and after scattering. The 

interactions between projectile and target atoms are usually divided into two separate 

processes [90]. First, the energy is reduced by a discrete amount due to elastic collisions with 

sample atom nuclei (nuclear stopping power) and is characteristic of the atom struck (momentum 

transfer). On its way into the sample an individual ion loses energy in a continuous manner 

through a series of inelastic collisions with electrons (electronic stopping power), depending on 

the depth it travels. Therefore, a particle, which backscatters from an element at some depth in a 

sample, will have measurably less energy than a particle that backscatters from an element on the 

sample surface. Thus, the overall energy spectrum of the emerging back scattered ions reveals 

both the elemental composition and the depth distribution of those elements. To note, the amount 

of energy a projectile loses per distance traversed in a sample depends on the projectile, its 

velocity, the elements in the sample, and the density of the sample material. Typical energy 

losses for 2 MeV Helium range between 100 and 800 eV nm-1. 

In a typical RBS setup, the detector is positioned to collect ions scattered at angles close to 180° 

(backscattering geometry). The technique measures both the number and energy distribution of 

the backscattered ions from the near-surface region of the sample. The energy of the 

backscattered ions will depend on their incident energy and on the mass of the sample atom. The 

amount of energy transferred during the collision is determined by the mass ratio between the ion 

and the target atom. Therefore, by analyzing the energy spectrum of the scattered ions, one can 

deduce the chemical composition of the sample.  
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3.2.2 Rutherford scattering cross-section 

After scattering, the incident particles can be deflected in any direction. The likelihood of an α-

particle scattering from a target nucleus in a specific direction is described by the differential 

cross-section. The differential cross-section is equal to the fraction of the initial particle flux that 

is scattered into a given solid angle. The total Rutherford (scattering) cross-section can be 

derived by integrating over the total solid angle, it can be expressed as [90]: 

𝜎𝜎𝑅𝑅(𝐸𝐸, 𝜃𝜃) = �
𝑍𝑍1𝑍𝑍2𝑒𝑒2
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2 sin2 𝜃𝜃
 

Here, E is the energy of the incident atom immediately before scattering, and e is the electronic 

charge.The above equation indicates that scattering cross section in RBS is approximately 

proportional to the square of the atomic number (Z2) of the target atom. As the mass of the target 

atom increases, the energy of the backscattered particle asymptotically approaches the incident 

particle energy. Consequently, RBS is significantly more sensitive to heavy elements than to light 

ones. In other words, RBS has good mass resolution for light elements, but poor mass resolution 

for heavy elements, as illustrated with K values for different atoms in Figure 3.3. This is because 

a significant amount of momentum is transferred from an incident particle to a light target atom. 

 

 

Figure 3.1: RBS spectra from two TaSix, films of different 
thicknesses on Si substrates. Particles scattered from Ta at the TaSiₓ 
- Si interface of the 230-nm film have a final energy of about 1.9 
MeV (labeled B) after escaping from the sample, while for the 590-
nm film, they have a final energy of about 1.7 MeV (labeled C). 
(Adapted from [89]) 
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3.2.3 RBS experiments for our samples: 

A list of K-values for atoms in films in our research group: 

M1= 4 amu, Incident particle energy= 2 MeV, Scattering 

angle (θ) = 170o 

Element 

Atomic mass 

(M2) in amu 

Kinematic 

factor (K) 

Backscattering 

Energy 

O 16 0.3627 0.7254 

Mg 24.31 0.5173 1.0346 

Al 26.98 0.5527 1.1054 

Co 58.93 0.7634 1.5268 

Sr 87.62 0.8341 1.6682 

Nb 92.91 0.8428 1.6856 

La 138.91 0.892 1.784 

Ta 180.95 0.916 1.832 

Ir 192.22 0.9207 1.8414 

 

We performed our RBS measurements using Helium ion at 2 MeV of 

incident energy in the IBM geometry. The measurements were 

performed at Auburn University Dual Source Tandem Accelerator. We 

thank Tamara Isaacs-Smith for taking care of RBS measurements. The 

simulation was performed using SIMNRA 7.04. [93]. The target atom 

was characterized by Area density which provided a precise 

measurement of the number of atoms per cm2.

 

Figure 3.2: (left) In IBM geometry 
incident beam, exit beam and 
surface normal of the sample are in 
the same plane, (right) In Cornell 
geometry, incident beam, exit beam 
and the rotation axis of the sample 
are in the same plane. (Adapted 
from [90]) 

Figure 3.4: RBS analysis 
using SIMNRA software. 

Figure 3.3: Kinematic factor as a 
function of atomic mass. 
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3.3 Reflection high-energy electron diffraction (RHEED) 

Reflection High-Energy Electron Diffraction (RHEED) is an in-situ technique used during thin 

film growth to monitor surface quality and structure. It involves projecting electrons at a shallow 

angle on the growing film surface, making it highly surface-sensitive.  

 

 

 

 

 

The first RHEED experiment was conducted by Nishikawa and Kikuchi in 1928 [94]. The 

technique is widely used to study surface ordering and structural characteristics during epitaxial 

growth, particularly in single crystal and epitaxial films under ultrahigh vacuum (UHV) 

conditions. It can provide a list of information including [95,96] : 1) In-situ crystalline quality, 2) 

Growth modes, 3) sizes of grains/domains of surface structures and microcrystals grown on the 

surface, 4) parameters characterizing structural phase transitions, 5) the periodicity (unit cells) in 

atomic arrangements, 6) surface roughness, 7) determining growth rate and stoichiometric 

conditions. To note, RHEED can be performed in two modes: reflection and transmission. The 

discussion here focuses only on the reflection mode, as it was the only mode used in the 

experiments. 

 

3.3.1 RHEED instruments: 

In RHEED, a high-energy electron beam (typically 8–20 keV) strikes a crystal surface at a 

grazing angle of 1-4°, making the technique extremely surface-sensitive [94]. The electrons 

scatter off the surface, and the diffracted beams (also in shallow angle) are captured on a 

detector, often a phosphor-coated, indium-tin-oxide (ITO) coated Pyrex screen to prevent 

charging. The basic RHEED setup includes an electron gun, sample holder, and screen as shown 

Figure 3.5: A simple RHEED set up. (Adapted from [97]) 
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in Figure 3.5 [97]. The electron beam is deflected 

magnetically or electrostatically to strike the sample, and 

the resulting diffraction pattern reveals surface structure. 

Commercial systems can focus the beam over distances 

of 40–70 cm. The angular divergence is maintained to be 

compatible with the sample flatness. In advanced 

RHEED systems, as shown in Figure 3.6 [94], one has 

the capability to measure RHEED intensity oscillations, 

to measure the lattice parameter, and step distributions.  

The sample can be rotated about the surface normal to 

change the incident electron azimuthal angle ϕ.  This 

allows the full symmetry of a reconstruction to be 

determined.   

 

3.3.2 Principles of RHEED operation 

The principle of diffraction was first developed using X-rays, and the underlying theory is 

identical for both electron and X-ray diffraction. Diffraction is typically explained using two 

main theoretical frameworks: the Laue approach and the Bragg approach [98]. Max von Laue 

viewed crystals as three-dimensional arrays of atoms acting like a 3D diffraction grating, 

emphasizing the vector nature of diffraction. His equations reflect the full three-dimensionality 

of crystal structures and diffracted beam directions. In contrast, the Braggs (Henry Bragg and his 

son Lawrence Bragg) envisaged crystals as parallel atomic planes that reflect X-rays, producing 

strong beams when the path difference between reflections equals an integer multiple of the 

wavelength. Bragg’s law, a scalar equation, is simpler and more practical for numerical 

calculations, and it is a special case of Laue equations and is widely used for its simplicity.  

Another Physicist, Paul Peter Ewald, provided the obvious way of interpreting the geometry of 

the diffraction patterns- by means of a construction which he called the reciprocal lattice and a 

sphere determined by the mode of incidence of the X-rays on the crystal (the Ewald 

sphere)  [98]. Ewald’s synthesis is a geometrical formulation or expression of Bragg’s law which 

involves the reciprocal lattice and a ‘sphere of reflection’.  

Figure 3.6: Diffractometer combined with 
molecular beam epitaxial growth. The 
glancing angle of incidence ϑi is varied by a 
combination of electrostatic deflection and 
sample motion. The diffracted beams are 
scanned across a phosphor screen by a small 
magnetic field. The diffracted intensity is 
measured with a photomultiplier. (Adapted 
from [94]) 
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3.3.3 RHEED Theory 

Reciprocal Space: the significance 

Diffraction experiments such as X-ray, electron, atom, and neutron diffraction are widely used to 

determine real-space lattice structures. It is helpful to go through briefly Reciprocal lattice that 

provides a simple geometrical basis for the theory.  

Diffraction experiments rely on the wave-like behavior of particles, described by the de Broglie 

relation [99]: 

𝜆𝜆 =
ℎ
𝑝𝑝

 

where λ is wavelength, h is Planck’s constant (=6.63 × 10-34 J·s), and p is the magnitude of 

momentum. The propagation of a wave is described by the advancement of a wave front. 

Assuming a plane wave propagation, the wavevector kin is perpendicular to the plane wave 

front. The relationship between p and k is  

𝐩𝐩 =
h
2π

𝐤𝐤 

From the above two equations, one obtains  

|𝐤𝐤| =
2π
λ

 

The wavevector K has a unit of inverse length. It is therefore convenient to define a reciprocal 

space lattice in the momentum space that is related to the real space lattice [99]. 
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Reciprocal Space: About 

The atoms in a crystal can be mathematically represented as 

points in a three-dimensional real space lattice. If these lattice 

points are arranged in a periodic fashion, then one can define real 

space unit vectors a, b, and c and the angles α, β, and γ, as in 

Figure 3.7 [99]. 

In lattices in which every site is indistinguishable from any other 

are called Bravais lattices. Thus, a Bravais lattice is one that 

consists of all points described by the position vector R, given as [94,99]: 

R = n₁a + n₂b + n₃c 

where n₁, n₂, and n₃ are integers, and a₁, a₂, and a₃ are linearly independent (non-coplanar) 

vectors called the primitive vectors of the lattice. 

Reciprocal space, on the other hand, consists of reciprocal lattice points and reciprocal vectors 

defined by:  

𝐚𝐚∗ =
2π(𝐛𝐛 × 𝐜𝐜)
𝐚𝐚 ⋅ (𝐛𝐛 × 𝐜𝐜) 

𝐛𝐛∗ =
2π(𝐜𝐜 × 𝐚𝐚)
𝐚𝐚 ⋅ (𝐛𝐛 × 𝐜𝐜) 

𝐜𝐜∗ =
2π(𝐚𝐚 × 𝐛𝐛)
𝐚𝐚 ⋅ (𝐛𝐛 × 𝐜𝐜) 

The reciprocal lattice vector is defined by:  G = h𝐚𝐚∗ + k𝐛𝐛∗ + l𝐜𝐜∗ 

The two set of vectors are related to each other with the following relations [99]: 

𝐚𝐚∗ ⋅ 𝐚𝐚 = 𝐛𝐛∗ ⋅ 𝐛𝐛 = 𝐜𝐜∗ ⋅ 𝐜𝐜 = 2π 

Figure 3.7: A unit cell with three-
unit vectors. (Adapted from [99]) 
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Therefore, the symmetry of a real space and the corresponding reciprocal space are related. 

Figure 3.8  [98,100] provides a visual illustration of the relationship between the two spaces. 

 

Bragg Condition  

Bragg condition in real space defines conditions 

for diffraction which is given by the well-known 

formula [98,99]: 

2dhkl sin θ=nλ 

Here, dhkl is the spacing between atomic planes in 

the crystal, θ is the angle of incidence/reflection to 

the plane, λ is the wavelength of the incident 

wave, n the order of the reflection.  

Because diffraction is conveniently explained in reciprocal space, it’s helpful to write Bragg 

condition in reciprocal space [99], which is: 

𝐊𝐊𝐨𝐨𝐨𝐨𝐨𝐨 − 𝐊𝐊𝐢𝐢𝐢𝐢 =
2πn
dhkl

 

Figure 3.8: (a) The five plane lattices (left) and plane reciprocal lattices (right) indicating the corresponding unit 
cells, (b) reciprocal space in 1D, 2D and 3D. (Adapted from [98] and [100]) 

Figure 3.9: Bragg scattering from two parallel planes. 
Ray 2 travels 2dhkl sin θ further than Ray 1. Bragg 
scattering from two parallel planes. (Adapted from 
[99] 
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To note, the other diffraction theory- the Laue conditions for maximum intensity are satisfied 

when the change in momentum (Kout – Kin) is equal to the reciprocal space vector (which is the 

Bragg condition) [99]: 

𝐊𝐊 = 𝐆𝐆(hkl) = h𝐚𝐚∗ + k𝐛𝐛∗ + l𝐜𝐜∗ 

Ewald Sphere:  

An Ewald sphere is a graphic construction in the reciprocal space that helps visualize diffraction 

planes that satisfy the Bragg (diffraction) conditions  [95,100]. An Ewald sphere is shown in 

Figure 3.10 [94,99], which is constructed to ensure both elastic scattering and diffraction 

conditions (energy and momentum conservations) are fulfilled simultaneously [94]. The 

reciprocal lattice points that fall on the perimeter of the circle correspond to diffraction 

conditions. 

In RHEED, tens of kiloelectron volt electrons have a short mean free path. Because of these 

electrons’ glancing-angle incident geometry, the diffraction patterns obtained are from the near-

surface region. This means the number of planes with a unit vector c in the direction 

perpendicular to the surface involved in diffraction is small, and the reciprocal lattice has a rod-

Figure 3.10: Example of Ewald construction (a) A two-dimensional reciprocal lattice and a slide of an Ewald 
sphere with radius |Kin |, (b) The intersection of the rods (in reciprocal lattice) and the Ewald sphere conserves 
both energy and parallel momentum. The intersection of the Ewald sphere and the single plane of the rods, 
shown, is a circle. (Adapted from [94] and [99]) 
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like structure perpendicular to the surface Figure 3.10(b) [99,100]. The diffraction spots in 

RHEED patterns from a two-dimensional (2D) lattice are thus always on the circles (Laue 

zones). 

 

Kikuchi Lines:  

Kikuchi lines are often observed in Reflection High-Energy Electron Diffraction (RHEED) 

which are produced by inelastically scattered electrons  [94]. These patterns provide valuable 

information about the crystal structure and surface morphology. The intensity and sharpness of 

Kikuchi lines are highly sensitive to surface quality. Scattering from small terraces and atomic 

steps tends to broaden the lines, whereas sharp Kikuchi lines are typically observed in crystals 

with atomically flat surfaces and well-ordered bulk lattices. These lines appear more pronounced 

in heavier elements [94]. 

The formation of Kikuchi lines can be described by a two-step scattering model [94,101]: 

Incident high-energy electrons undergo inelastic collisions within the crystal, resulting in a 

diffuse, forward-scattered electron distribution. For single-

plasmon scattering, this diffuse cone has an angular spread 

of approximately 0.1°, while multiple thermal diffuse 

scattering can broaden this to over 10°. If the energy loss in 

this first collision is small compared to the electron energy, 

the resulting electron distribution corresponds to an 

electron source of (almost) the initial energy, with isotropic 

emission within the crystal. The inelastically scattered 

electrons in this diffuse cone can subsequently be diffracted by the crystal lattice planes, 

depending on their angle. These two scattering processes combine to give rise to the appearance 

of Kikuchi lines at specific exit angles. The resulting pattern is essentially a diffraction image of 

an isotropic electron source with a narrow energy spread. The Kikuchi lines cannot arise from 

electrons that travel more than a few inelastic mean free paths. Since the outgoing electrons exit 

at a few degrees to the surface, this means that at most about 10 layers contribute to the pattern. 

This suggests that one might be able to use the intensity of the Kikuchi pattern to monitor the 

quality of a thin film. An example of Kikuchi lines in one of our films is shown in Figure 3.11. 

Figure 3.11: Kikuchi lines in a SrIrO3 film. 
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As an example of application of RHEED, Figure 3.12 illustrates various surface structures and 

their corresponding RHEED patterns [95]: 

Figure 3.12(a) shows that an atomically flat, single-crystalline surface produces sharp reciprocal 

rods with uniform intensity, assuming RHEED probes only the top layer. In reality, however, 

electron penetration into multiple layers causes intensity modulation due to interlayer 

interference, making some diffraction spots stronger than others. Figure 3.12(b) highlights 

RHEED for surface with small, out-of-phase domains. Domains smaller than the electron 

coherence length cause broadening the reciprocal rods due to finite-size effects. This results in 

elongated diffraction streaks, from which domain size can 

be estimated. 

Figure 3.12(c) shows that for surfaces with two-level 

terraces of atomic height, reciprocal rods become 

complex. Off-Bragg conditions cause destructive 

interference, splitting the rods laterally. The spacing of 

these satellite streaks is proportional to terrace width, 

allowing estimation of average terrace size. As shown in 

Figure 3.12(d), in multilevel stepped surfaces, 

superposition of multiple two-level terrace patterns leads 

to modulated reciprocal rods which are sharp at on-Bragg 

points, broader at off-Bragg. This leads to produce streaks 

with perpendicular intensity variation. 

Figure 3.12(e) shows that, for surfaces with regular steps, 

if terrace widths are smaller than the electron coherence 

length, reciprocal rods become complex- broader at off-Bragg conditions, containing finer rods 

aligned with the overall surface. This results in inclined satellite streaks, with spacing inversely 

related to terrace width. Figure 3.12(f) shows RHEED pattern for 3D islands which we observed 

in our Co rich SrCoO3 films. When the surface has 3D islands and the electron beam strikes at a 

low glancing angle, it transmits through the protruded parts of islands, producing a transmission 

(not reflection) diffraction pattern. If the islands are epitaxially grown, the resulting pattern 

corresponds to a 3D reciprocal lattice typical of bulk crystals. 

Figure 3.12: Schematics of various types of 
realistic surfaces: real-space morphologies, 
corresponding reciprocal space 
representations, and associated RHEED 
patterns. (Adapted from [95]) 
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3.4 X-ray diffraction (XRD) 

X-ray diffraction (XRD) is a powerful and versatile technique widely used for obtaining a variety 

of structural information. It is one of the most essential tools for characterizing thin films. XRD 

can provide detailed insights into a number of aspects of thin film materials including: crystalline 

phase and lattice parameters, degree of crystallinity, residual stress/strain in the film, film 

thickness, periodicity, presence and nature of structural defects [102,103]. 

 

3.4.1 How X-rays are generated 

Because this thesis work utilizes a variety of X-ray experiments, both laboratory-based and 

synchrotron-based facilities at national laboratories, it is worthwhile providing an overview of 

how X-rays are generated, 

In lab-based systems, X-rays are typically generated using X-ray tubes or hot cathode tube, 

which operate based on the interaction between high-energy electrons and a metal target [104]. 

The hot filament that generates the electrons is negatively charged (the cathode) and the target is 

positively charged (the anode). When the electrons strike the target, X-rays are generated. At 

higher voltages, higher energy X-rays are generated. At higher currents, more X-rays are emitted 

by the anode, and the X-ray beam becomes brighter. When the incident electrons strike the anode 

in an X-ray tube, two processes are responsible for generating X-rays [104]:  

Bremsstrahlung (White Radiation): Electrons are decelerated by electrostatic interactions with 

atoms in the metal target, emitting X-rays of varying energies. This produces a broad, continuous 

spectrum. The spectrum of white radiation depends on the voltage used to accelerate the 

electrons but is largely independent of the composition of the target.  

Characteristic Radiation: the incident electrons knock electrons out of core orbitals in the atoms 

of the metal target. The resulting vacancies in the core orbitals are filled by outer-shell electrons 

giving rise to Sharp peaks of X-rays with specific energies. The energies of the characteristic X-

rays are independent of the voltage but depend on the composition of the target. When an 

electron falls from a higher energy orbital into a vacancy generated in the 1s orbital (the K-shell), 

the emitted light is called K-radiation. L-radiation, resulting from transitions to the 2s or 2p 

orbitals, is generally not used for X-ray diffraction experiments, mostly because the yield of L-
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radiation from a hot cathode tube is much smaller than the yield of K-radiation of the same 

wavelength. For certain X-ray experiments requiring a highly intense and focused beam, a 

synchrotron (a type of particle accelerator) is used to produce extremely intense X-ray beams, 

approximately 100 to 10,000 times stronger than Kα₁ radiation from standard X-ray tubes [98]. 

In a synchrotron, electrons travel near light speed in a circular path within a storage ring, by the 

action of magnets placed at intervals around the ring. The resulting synchrotron radiation, 

emitted tangentially due to continuous radial acceleration, spans wavelengths from infrared to 

hard X-rays. This radiation is then directed to a crystal monochromator, which selects the desired 

wavelength for the experiment. 

We used lab-based instruments in generating X-rays for X-ray diffraction (XRD) and Xray 

Photoelectron Spectroscopy (XPS) measurements, and synchrotron-based facilities for Xray 

Absorption Spectroscopy (XAS) measurements. 

 

3.4.2 Principles of XRD 

The principle of diffraction has already been discussed in the RHEED chapter, this section 

therefore instead emphasizes the physics of scattering, responsible for the observed diffraction 

pattern. 

The electrons in atoms contribute exclusively to the scattering of X-rays, and the scattering 

amplitude of an atom is determined by summing the contributions from all Z electrons, with the 

summation taking into account the path or phase differences between all the Z scattered waves. 

The result of this analysis is expressed by a simple number, f, the atomic scattering factor [98]:  

atomic scattering factor 𝑓𝑓 =
amplitude scattered by atom

amplitude scattered by a single electron
 

The scattering amplitude of a unit cell is determined by summing the scattering amplitudes from 

all the atoms in the unit cell and expressed by, Fhkl, the structure factor 

structure factor 𝐹𝐹ℎ𝑘𝑘𝑘𝑘 =
amplitude scattered by the atoms in the unit cell

amplitude scattered by a single electron
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Summing the contributions from all unit cells in a crystal is complex due to attenuation of the 

incident X-ray beam as it scatters through the crystal. Additionally, reflected beams travel at the 

Bragg angle and are re-reflected in directions parallel to the incident beam, interfering 

destructively and further weakening the direct beam. This interplay is described by the 

dynamical theory of X-ray diffraction, which accounts for interactions among the incident, 

reflected, and re-reflected beams. However, when the crystal is sufficiently small, beam 

attenuation is minimal and diffracted intensities are weak compared to the direct beam. In such 

cases- common in XRD- the observed intensities can be approximated as proportional to the 

square of the structure factor. 

 

3.4.3 Instruments for XRD experiment 

X-ray diffraction (XRD) experiment involves rotating a small crystal in an X-ray beam. The 

resulting diffracted beams (reflections) emerge in 

various directions, revealing the size and shape of 

the unit cell (from angles) and atomic positions 

(from intensities). The apparatus commonly used 

in X-ray diffraction experiments is called a 

diffractometer consisting of five major 

components [102,104]: The X-ray source, the 

detector, the incident (or primary beam) optics, 

the receiving (or diffracted beam) optics, and the goniometer (which turns the crystal in the X-

ray beam), as shown in Figure 3.13 [102]. 

Figure 3.13: Components of a diffractometer. 
(Adapted from [102]) 
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The goniometer consists of a goniometer head, to which the crystal is attached or mounted, and a 

series of gears that rotate the head and the crystal precisely. The goniometer head is designed to 

control the angles between the source, detector, and sample surface. The most commonly used 

setups involve the angle between the X-ray source and the sample surface (ω), and the angle 

between the incident beam and the detector (2θ). To analyze in-plane texture using pole figures, 

additional degrees of freedom are needed: the tilt angle (χ) and the azimuthal or rotation 

angle (φ). The tilt angle χ is often related to another angle ψ by the relation: χ = 90° − ψ, as 

illustrated in Figure 3.14 [102]. The X-ray detector converts X-ray photons into electrical signals 

that can be used to determine the reflection intensities and scattering angles. Detectors are often 

defined by their dimensionality, and can be point detectors (0D), line detectors (1D), or area 

detectors (2D).   

 

There are two primary optical modes that diffractometers can be configured in: Bragg- Brentano 

(BB) optics and Parallel Beam optics (PB) [102]. Bragg-Brentano optics are widely employed in 

powder X-ray diffractometry due to their ability to generate high-intensity diffraction signals 

from a divergent X-ray beam  [102]. In this configuration, the X-ray source and receiving slit 

move along a diffractometer circle centered on the sample surface. Divergent X-rays strike the 

sample at various points and are focused onto the receiving slit, forming a focusing circle whose 

radius depends on the Bragg angle (θ). This geometry, however, introduces several sources of 

error, therefore, Parallel Beam optics is usually used for thin films analysis. 

Figure 3.14: Schematic of the notation used for the angles and degrees of freedom in a typical diffractometer used 
for thin film measurements. (Adapted from [102]) 
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Divergent X-rays from the source can be conditioned into a parallel beam using narrow slits with 

parallel plate collimators (rotated Soller slits) or multilayer mirrors (e.g., parabolic or Göbel 

mirrors), achieving beam divergence as low as a few 0.01°. This ensures a uniform incident 

angle across the sample and minimizes systematic errors inherent in Bragg- Brentano geometry. 

The X-ray diffraction experiments of this dissertation were performed in PB mode.  

 

3.4.4 XRD measurement modes 

X-ray diffraction has numerous applications in various modes, and only those relevant to this 

dissertation are discussed here. In essence, when an X-ray beam strikes a film, it diffracts 

through the crystal planes and reflects in multiple directions. Constructive interference (thus a 

detectable diffraction pattern) occurs only in directions that satisfy the Bragg condition. 

Coupled 2θ/ω scan:  

A coupled scan is used to measure the 

Bragg diffraction angle. The basic set-up is 

shown in Figure 3.15 [103], where the 

incident angle (ω) is defined between the X-

ray source and the sample, and the 

diffracted angle (2θ) is defined between the 

incident beam and detector angle. This scan 

provides is a plot of scattered X-ray intensity vs 2θ, but ω is always coupled with 2θ such that: ω 

= ½ (2θ) (+ any offset). The Bragg peak position, therefore, a coupled scan can provide 

information on lattice mismatch, relaxation, and can help identify different phases present in the 

material. The width of the film’s Bragg peak and the thickness fringes can be used to quantify the 

film thickness. 

In a 2θ/ω scan, peaks from the substrate will often dominate the pattern whereas peaks from the 

film may be very low in intensity due to the much lower film thickness. Therefore, it is common 

to plot patterns from thin films on a logarithmic intensity scale [102]. 

 

Figure 3.15: Basic setup for a coupled scan. (Adapted from 
[103]) 
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X-ray reflectivity:  

X-ray reflectivity (XRR) involves scanning the film at very small angles. The simplified 

geometry, often called the kinematical condition, of a standard XRR measurement is shown in 

Figure 3.16 [105]. Only total external reflection occurs for X-rays at small angles of incidence 

below a critical angle, which is why we observe a relatively horizontal line below this angle.  

Refraction starts to occur above the 

critical angle, but because n1 for X-ray is 

smaller than 1 unlike visible light, the 

angle θr is smaller than the angle θ) 

according to Snell's law: 

n1 cos θr = n0 cos θ 

The refracted X-rays travel through the thin film to film-substrate interface and are reflected 

back to the surface. They produce constructive and destructive interference oscillations called 

Kiessig fringes, whose width is inversely proportional to the film thickness.  

For analysis, generally, an X-ray experimental reflectivity curve is compared to the theoretical 

curve calculated based on a layer structure model [106]. The solution with optimal parameter 

values of thickness, density, and roughness of the interface in the multilayer film is obtained 

when the residual between the measured and calculated reflectivity data reaches a minimum. 

Rocking curve:  

In a rocking curve measurement, the detector is fixed at a certain 2θ angle, and the sample is 

tilted (or ‘rocked’) in the  axis such that planes no longer parallel with the sample surface are 

brought onto the Bragg plane [102,107] . This result is a single bell curve, known as a rocking 

curve, which gives the distribution of planes as a function of tilt. The width of the rocking curve 

depends upon the mosaic spread of the grains, density of dislocations, and substrate curvature, 

which disrupt the parallel nature of the lattice planes. Therefore, the full-width half-maximum 

(FWHM) of the rocking curve is often recorded and is generally used as an indication of the 

quality of intended epitaxial growth, or indication of preferential orientation. 

 

Figure 3.16: Geometry of a standard XRR measurement. 
Solid rays are incident and reflected X-rays at the surface, 
and dashed rays are refracted X-rays in the thin film. 
(Adapted from [105]) 
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Reciprocal space mapping:  

The reciprocal lattice point spreads caused by changes in crystal structure or degradation in 

crystallinity can be attributable to changes or spread in the crystal orientation or the lattice 

constants. The reciprocal space mapping measurement records diffraction intensity distributions 

by scanning a series of 2θ scans at different ω settings [108]. 

The distributions of the directions and intensities of reciprocal points perpendicular to the sample 

surface are observed using the in-plane measurement method instead of using the out of- plane 

measurement. To analyze the data, it is very useful to express the positions and shapes of 

reciprocal lattice points using the Cartesian coordinates system (i.e., qx, qy) instead of 2θ and ω 

for calculating the d-spacings [107], where both qx and qz are the inverse of lattice spacing.  

𝑞𝑞𝑥𝑥 =
2
𝜆𝜆
𝑠𝑠𝑠𝑠 𝑛𝑛 �

2𝜃𝜃
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− 𝜔𝜔� =
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{𝑠𝑠𝑠𝑠 𝑛𝑛 𝜔𝜔 − 𝑠𝑠𝑠𝑠 𝑛𝑛(2𝜃𝜃 − 𝜔𝜔)} 

The relative positions of the reciprocal lattice points of an epitaxial film and its substrate change, 

depending on lattice matching and the presence or absence of lattice relaxation. This is illustrated 

in Figure 3.17 [107]. 

 

 

 

 

 

 

 

 

 
Figure 3.17: Reciprocal space maps of hetero-epitaxial layer. (Adapted from [107]) 
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3.4.5 Crystal structure determination and phase identification  

A given substance always produces a characteristic diffraction pattern, whether that substance is 

present in the pure state or as one constituent of a mixture of substances. The determination of an 

unknown structure proceeds in three major steps [109]:  

1. The shape and size of the unit cell are deduced from the angular positions of the diffraction 

lines. A comprehensive database of diffraction patterns enables the identification of unknown 

substances by comparing their recorded patterns with those of known materials. For powder 

specimens in which the crystals are randomly orientated, the set of d spacings and their relative 

intensities serves as a ‘fingerprint’ (or ‘genetic strand’) from which the phase can be identified by 

comparison with the ‘fingerprints’ of phases in the X-ray Powder Diffraction File. 

2. The number of atoms per unit cell is then computed from the shape and size of the unit cell, 

the chemical composition of the specimen, and its measured density.  

3. Finally, the positions of the atoms within the unit cell are deduced from the relative intensities 

of the diffraction lines. 

3.4.6 X-ray diffraction from single crystal thin films and multilayers 

As the angle θ is varied, reflections occur whenever Bragg’s law is satisfied. For a single crystal, 

with only one set of planes parallel to the surface, there will only be one Bragg reflection. For 

multilayer specimens, which may consist of a sequence of thin crystal films (like superlattice) 

mounted on a single crystal substrate, there will be three Bragg reflections- one from the 

substrate and one each from the thin films (of different crystal structure). 

However, there are more diffraction phenomena to be recorded. First, since the layers are 

generally thin- of the order 10 nm- Bragg peaks are substantially broadened, and this may be 

used to estimate the thickness of the layers by means of the Scherrer equation [98]. 

Second, the repeat distance, or superlattice wavelength Λ of the layers can be determined from 

the angles of ‘satellite’ reflections which occur (given a multilayer specimen with a long-range 

structural coherence) on either side of the (high angle) Bragg peaks. The value of may be 

determined from the equation [98]: 
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Λ =
λ

2(sin θ2 − sinθ1) 

where λ = the X-ray wavelength and sin θ1, sin θ2 are the Bragg angles of adjacent satellite 

peaks. The repeat distance Λ of the layers also gives rise to low-angle Bragg reflections (of the 

order 2θ =2 - 5o), between which a further set of satellite peaks or fringes called Keissig fringes 

which may be used to determine the total multilayer film thickness NΛ using the relation [98]: 

1
𝑁𝑁Λ

=
1
𝑑𝑑𝑘𝑘2

−
1
𝑑𝑑𝑘𝑘1

 

where dk1, dk2 are the notional d-spacings of any pair of adjacent Keissig fringes. Meanwhile, the 

phenomenon of long-range order is called superlattice formation and can give rise to 

superimposed reflections in the diffraction pattern- observed in our superlattice films.  

 

3.4.7 Diffraction in real films 

In the theory of diffraction, it was treated geometrically, with incident and reflected beams 

represented as perfectly narrow and parallel, reflecting only at precise Bragg angles. However, 

real X-ray beams have finite width, and they are not perfectly parallel to an extent, depending on 

the experimental setup. These instrumental factors cause broadening of the reflected beams: the 

reflections peak at the Bragg angles and decrease to zero on either side. Broadening is not solely 

due to such instrumental factors but much more importantly also arises from the specimen itself 

[98]. Measurable diffraction can occur at angles slightly off from the exact Bragg angle due to 

crystal imperfections which can disrupt the conditions for perfect destructive interference, 

allowing weak scattering at nearby angles. Moreover, crystalline size can contribute to this. If the 

path difference between scattered X-rays is only slightly off from an integer multiple of the 

wavelength, full cancellation requires many atomic planes. In very small crystals, these planes 

may not exist, preventing complete destructive interference. This results in peak broadening- 

diffraction at angles close to, but not exactly at, the Bragg angle. On other hand, Real crystals 

deviate from the ideal of infinite, perfectly periodic lattices. Dislocations and sub-grains 

introduce local misalignments. Many crystals exhibit a mosaic structure, composed of small, 

slightly misoriented blocks, which also contribute to diffraction broadening [109]. 



70 
 

 

3.5 X-ray photoelectron spectroscopy (XPS) 

X-ray Photoelectron Spectroscopy (XPS) was primarily employed to determine elemental 

composition and chemical states, particularly the oxidation states of transition metals. It was also 

used for element identification, to estimate film thickness and to compare surface versus bulk 

chemical characteristics. 

 

3.5.1 XPS principles 

The XPS technique is based on the theory of photoelectric effect. The main components of an x-

ray source in an XPS system are: a filament, a target material and a power supply [110]. The 

energy of the emitted photon depends on the target material employed in the process (Al Kα : 

1486.8 eV, Mg Kα: 1253.6 eV). Monochromators are used to isolate a specific X-ray emission 

line (like) from the X-ray source. 

XPS employs X-rays of a certain energy to photoexcite core 

electrons, which are then emitted from their parent atoms with 

a kinetic energy characteristic of their initial atomic energy 

level and element (Figure 3.18). The kinetic energy, Ek, of the 

emitted photoelectrons is given by [111]: 

Ek = hѵ − EB + φ 

Where hѵ represents the incident photon energy, EB is the 

binding energy of the atomic energy level and φ is the combined workfunction of the sample and 

the electron analyzer. 

Photoelectrons are readily absorbed or scattered by air, so the photoemission process is almost 

always performed under ultra-high vacuum using the experimental arrangement shown in Figure 

3.19 [112]. To analyze the energy of emitted electrons, energy-selective electron analyzers are 

used which employ tunable magnetic fields, typically in a concentric hemispherical analyzer 

(CHA) configuration. In this configuration, a voltage is applied across an inner and an outer 

hemisphere, and electrons entering the analyzer are guided through the gap between the 

Figure 3.18: The process of X-ray 
core-level photoemission. (Adapted 
from [111]) 
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hemispheres. Electrons travelling too quickly collide with the outer hemisphere, while those 

travelling too slowly are attracted to the inner hemisphere. This was only electrons in a narrow 

energy region succeed in travelling around the hemispherical arc to the detector, ensuring for 

precise energy resolution. A series of electron lenses are placed before the CHA, which can be 

used to retard the incoming electrons to a fixed 'pass energy' [111]. 

 

 

 

 

 

 

 

 

 

 

 

3.5.2 Measurements and quantifications 

XPS measurements can be classified into two categories: Survey and Multiplex scans. A rapid 

compositional analysis of a sample can be performed within minutes by acquiring a survey scan 

over the widest energy range accessible with the X-ray source, as shown in Figure 3.20. Each 

element has a unique set of well-defined energy levels, which allows their identification through 

matching the photoelectron binding energies in the survey spectra to those of tabulated atomic 

energy levels. All elements except hydrogen and helium can be analyzed using X-ray 

photoelectron spectroscopy (XPS) [111]. 

 

Figure 3.19: Schematic of an XPS chamber configuration. (Adapted from [112]) 
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Multiplex scans are High-resolution spectra that take several hours to complete. They reveal 

information about the chemical nature of the element, and fine structure arising from the spin-

orbit coupling (SOC). For example, the Co 2p peak in the XPS data of SrCoO3 appears as two 

separate peaks (Co 2p1/2 and Co 2p3/2), as 

shown in Figure 3.21. 

More complex spectra are often observed for 

elements in which excitation of electrons to the 

valence conduction band occurs in parallel to 

the photoemission process. Ligand-metal 

charge-transfer effects change the electron 

configuration of the final excited state, giving 

rise to satellites that are at high binding energy 

relative to the main photoemission peak  [111], 

as observed in Co 2p XPS data. 

 

 

Figure 3.20: An example of a survey scan (only Ir and O elements are labeled). 

Figure 3.21: Co 2p multiplex with two peaks due to 
spin-orbit coupling (dashed orange circles represent 
corresponding satellite peaks). 
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3.5.3 Film thickness determination using XPS 

For measuring the initial films which were 5 nm or below in thickness, XPS was used 

effectively. For ultra-thin films of around 2 nm, the Beer- Lambert Law provided a good 

estimation of film thickness that required only two measurements at a certain angle  [110,113]: 

𝐼𝐼𝑑𝑑 = 𝐼𝐼0 exp �
−𝑑𝑑

λ cos θ�
 

Where, I0 is the intensity of a certain element in the substrate, Id is the intensity of the same 

element from all depths greater than d, θ is the angle between the analyzer and the surface 

normal, λ is the photoelectron attenuation length. The angle was kept fixed ( 45o), the attenuation 

length was calculated from the NIST Standard Reference Database-82  [114]. An open-source, 

online tool was used later in thickness calculation for relatively thicker films [115,116]. Note 

that, these approaches work only for two-layer materials. 

 

3.5.4 Auburn FINO Lab XPS System 

XPS measurements at Auburn FINO lab facility were performed using a PHI 5400 system 

equipped with a monochromatic Al Kα source with photon energy: 14.5 keV. The system 

supports angle-resolved XPS (ARXPS) with measurement capabilities ranging from 20° to 45°, 

enabling depth-sensitive analysis of surface and near-surface regions.  

Insulating oxide materials often experience surface charging following photoelectron emission, 

leading to peak shifts and line distortion in XPS spectra [111]. To mitigate these effects, a low 

energy electron flood gun is employed to neutralize the accumulated positive charge on the 

sample surface. In XPS measurements, survey scans are typically acquired at a resolution of 0.5 

eV/step with a pass energy of 180 eV, while high-resolution (multiplex) scans are performed at 

0.05 eV/step with a pass energy of 35 eV. All spectra are calibrated using the O 1s core level 

peak, referenced at 530.0 eV, to correct for any chemical shifts. 
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3.5.5 Hard X-ray photoelectron spectroscopy (HAXPES) 

Performing XPS studies with X-ray photon energies above 2 keV provides more bulk sensitivity 

and enables access to transition metal 1s core levels that are inaccessible using conventional 

laboratory sources. HAXPES measurements thus enable studies of deeply buried interfaces more 

than 5 nm below the film surface that would be impossible with a lab source [112]. This makes 

HAXPES an important tool for studying complex oxide interfaces and heterostructures. 

For example, at kinetic energies around 10 keV, the inelastic mean free path of photoelectrons 

increases substantially. As a result, only 50% of the detected signal originates from the top ~6.5 

nm of the sample, and just 10% comes from the top 1.0 nm. In contrast, with a typical lab source, 

50% of the signal is generated to the top ~1.0 nm, and only ~3% originates from 5 nm below the 

surface [112]. This difference clearly shows the unique capability of HAXPES to probe deeper 

into materials. 

 The HAXPES measurements of the superlattice samples for this research study were performed 

in a Laboratory-based HAXPES system at Temple University using a high-flux, high-resolution, 

monochromated 5.4 keV microfocus X-ray source. 
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3.6 X-ray absorption near-edge structure (XANES) 

X-ray absorption near-edge structure (XANES) spectroscopy is a well-established technique 

providing information on the electronic, structural and magnetic properties of matter. The 

technique is usually performed using synchrotron radiation [117]. 

If an assembly of atoms is exposed to X-rays, it will absorb some of the incoming photons. At a 

certain energy a sharp rise in the absorption will be observed which is called the absorption edge. 

The energy of the absorption edge is determined by the binding energy of a core level. The 

energy of an absorption edge therefore corresponds to the core-level energy, which is 

characteristic for each element, making XANES an element-selective technique. As such 

XANES is able to provide a detailed picture of the local electronic structure of the element 

studied [117]. 

 

3.6.1 X-ray absorption 

X-rays interact with matter in several ways: they can be transmitted 

(passing through unchanged in energy and direction, but not phase), 

elastically scattered (changing direction but not energy), inelastically 

scattered (changing both direction and energy), or absorbed [55]. This 

Figure 3.22: X-ray 
interactions with matter. 
(Adapted from [55]) 
 

Figure 3.23: (a) Schematic diagram of the different X-ray excitations giving rise to K, L and, (b) A 
schematic of the photoexcitation process, indicating the threshold energy E0, kinetic energy of the 
photoelectron, EK, and the energy of the incident X-ray photon E. (Adapted from [55]) 
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section focuses on the absorption process, which is described by 

X-ray absorption coefficient μ(E). This phenomenon depends 

strongly upon the X-ray energy, and the nature of the matter. X-

ray absorption by the electrons belonging to different core 

levels gives rise to different X-ray absorption edges. This is 

summarized in Figure 3.23(a)  [55], with a schematic diagram 

of the different core-electron excitations giving rise to K, L and 

M X-ray absorption edges. Figure 3.23(b) [55] shows a 

schematic of a K-edge 1s core excitation. 

As a specific example relevant to this dissertation, in a Co atom, the K-edge corresponds to a 1s 

 4p electronic transition, while the L-edge corresponds to a 2p  3d transition (Figure 3.24). 

 

3.6.2 XANES Theory 

The X-ray absorption μ(E) can be described by Fermi’s golden rule [55]: 

μ(𝐸𝐸) ∝���ψ𝑓𝑓�(𝑒𝑒 ⋅ 𝑝𝑝) exp�𝑖𝑖(𝑘𝑘 ⋅ 𝑟𝑟)� �ψ𝑖𝑖��
2
 

Here, |ψi⟩ specifies the initial quantum state and |ψf⟩ the final quantum state, e is the X-ray 

electric vector, p the electron momentum vector, k the X-ray forward propagation vector and r 

the electron coordinate. The summation is over all final states that contribute to μ(E). Using the 

first two terms of a series expansion of the exponential gives: 

μ(𝐸𝐸) ∝���ψ𝑓𝑓�(𝒆𝒆 ⋅ 𝒑𝒑) + 𝑖𝑖(𝒆𝒆 ⋅ 𝒑𝒑)(𝒌𝒌 ⋅ 𝒓𝒓)�ψ𝑖𝑖��
2
 

The expansion is limited because only these two terms are expected to contribute to X-ray 

absorption significantly [118]. The first term is called electric dipole-allowed transitions, 

characterized Δl= ±1 and is represented by μD(E): 

μ𝐷𝐷(𝐸𝐸) ∝���ψ𝑓𝑓�(𝑒𝑒 ⋅ 𝑝𝑝)�ψ𝑖𝑖��
2
 

Figure 3.24: Transitions in Co L and 
K edges. 
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These dipole transitions are the most intense transitions and can be thought of as being 

stimulated by an oscillating electric field. The second term is the quadrupole transitions, 

characterized by Δl= ±2 and given by: 

μ𝐷𝐷(𝐸𝐸) ∝���ψ𝑓𝑓�(𝑒𝑒 ⋅ 𝑝𝑝)�ψ𝑖𝑖��
2
 

Quadrupole transitions are generally of low intensity and can be thought of as being stimulated 

by the electric field gradient, which for X-rays becomes increasingly significant at high X-ray 

energies due to the short wavelength. In the case of the pre-edge structures of the metal K-edges, 

the quadrupole transition is important because the 3d density of states is much larger than the 4p 

density of states and the quadrupole peaks appear in the pre-edge region where there is no 4p 

density of states [117]. 

For a 3d system such as Co, it is expected that the K 

edge data is dominated by an intense 1s4p dipolar 

transition (Δl= +1). In the dipole approximation, the 

shape of the absorption spectrum should look like the 

partial density of the (ΔL = ± 1) empty states 

projected on the absorbing site, convoluted with a 

Lorentzian. This Lorentzian broadening is due to the 

finite lifetime of the core-hole, leading to an 

uncertainty in its energy according to Heisenberg’s 

principle [117]. 

There is also a weaker quadrupole transition such as 1s→3d (Δl= +2) as a pre-edge feature, as 

shown in Figure 3.25. The intensity of the quadrupole and dipole transitions are related by μQ /μD 

= (Zα)2, where α = 1/137, is the fine structure constant  [55]. For most transition metals, this 

gives a very small percentage for the quadrupolar term (pre-edge intensity). However, non-

centrosymmetric materials (those lacking inversion symmetry) allow a mixing between orbitals 

of opposite parity (like p and d orbitals) [117]. A 3d-4p mixing causes quadrupole-allowed 

transitions to gain dipole-allowed intensity, resulting in an enhanced pre-edge intensity [119]. 

The absorption cross-section due to dipolar transition is isotropic for cubic symmetries such as 

Octahedral systems, however it varies as ~ cos2 θ in Tetragonal systems [118]. Therefore, 

Figure 3.25: Dipole and Quadrupole transitions of 
Co K edge in LaCoO3. 
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analyzing the pre-edge intensity as a function of angle can provide insights into the degree of 

hybridization in a material. This can help determine any structural distortion in centrosymmetric 

materials such as in Octahedral coordination environments. 

Shake-down and Shake-up transitions:  

Shake-down transitions, often observed in the XAS of first-row transition metal K-edges, occur 

due to significant covalency in metal-ligand bonding.  

Figure 3.27 [55] illustrates this process: Panel A shows the ground 

state with filled metal 1s and ligand np orbitals, and a vacancy in the 

3d orbital. A schematic of a ligand-to-metal transfer transition 

(LMCT) final state is shown in panel B. Panel C shows a 1s→4p 

transition, where the core hole causes the outer metal orbitals to 

relax to lower energies and panel D shows a schematic of both the 

final state for a 1s→4p and LMCT.  The creation of a core hole 

makes the LMCT (np  3d) energetically favorable, and the overall 

final state is energetically lower than that of the pure 1s→4p. Consequently, the shake-down 

transition, which is dipole-allowed, falls to lower energy by this amount, as shown in Figure 3.26 

[55]. 

Figure 3.26: Ligand-to-metal charge 
transfer induced shake-down 
transition (orange arrow). (Adapted 
from [55]) 
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A related type of transition is the shake-up transition, shown schematically in Figure 3.28 [55]. A 

core electron is promoted to a bound state (1s 4p) causing it to relax, but this time this ligand 

orbital will require energy for np4p transition. The resulting concerted two-electron one-

photon transition requires more energy, thus occurs at higher incident X-ray energies than the 

corresponding metal-only based one-electron transition. 

Figure 3.27: Schematic diagrams of processes relevant to 1s→4pz and LMCT shake-down transition. 
(Adapted from [55]) 

Figure 3.28: (A) A schematic of the shake-up transition. (B) The Ni K-edge XAS of NiO, where broad 
features marked with the orange arrows are thought to be shake-up transitions. (Adapted from [55]) 
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3.6.3 XANES Analysis 

Both K and L-edges can be used to probe the electronic structure of a material of interest and an 

important step in XANES analysis is the determination of Edge energy. 

Metal- K edges: In case of the K-edges of transition metal systems, it is not a trivial task to 

determine the XANES edge energy position. There are, at least, three different methods to define 

the energy of the edge [117]: (a) the inflection point, (b) the energy where the intensity is 50% of 

the edge maximum and (c) the average of the energies at 20% and 80% of the edge maximum. In 

literature, the inflection point is usually determined from the maximum of the first derivative. 

However, in the seminal paper, the author referred to the first inflection point in the derivative 

spectrum [120], not simply the maximum one. Since there is no consensus, the most common 

procedure- maximum of the first derivative, is used as the Edge energy for this dissertation. On 

the other hand, the pre-edge energy (Epre) is simply defined as the first maximum of the pre-edge.  

Metal- L edges: The L edge energy position shifts with valence, thus L edge can also be used to 

determine the oxidation state of a constituent atom in a material. Assigning the edge energy is 

relatively straightforward in L edge, it’s simply the maximum of the spectrum called the White 

line. An experimental parameter that has been often analyzed from L edge data is the branching 

ratio, defined as: I(L3) / [I(L3) + I(L2)] [121], which can be used to determine the spin state of a 

metal ion. 

 

3.6.4 Experimental aspects 

Prior to doing experiments one has to select an appropriate beamline at a suitable synchrotron 

radiation facility that must be capable of collecting data over the appropriate energy range of 

interest. The energy range must be calibrated, for example using metallic reference foils. 

Furthermore, an internal standard should be used if experiments are going to be performed on the 

same samples and edges at different beamlines as the energy position may change slightly from 

beamline to beamline due to different facility characteristics. In addition, for quantitative 

measurements of oxidation states, a set of standards must be used with well-known oxidation 

states [117]. 
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3.6.5 XANES detection modes 

Some of the most common detection 

modes are as follows and illustrated in 

Figure 3.29 [122]. 

Transmission: Transmission detection 

requires a homogeneous sample, as 

variations in thickness or pinholes can 

introduce non-linear effects that distort 

the spectrum. While transmission is 

standard for hard X-rays, it is rarely used for soft X-rays due to their short attenuation length 

[117]. 

Electron yield: The decay of a core hole produces electrons, photons, and ions that escape from 

the sample surface. Measuring these decay products allows analysis of samples with arbitrary 

thickness. Due to strong electron–solid interactions, only electrons from near the surface (1–10 

nm) escape, making electron yield a surface-sensitive technique [117]. 

Fluorescence: The electron subject to photoexcitation in X-ray absorption is typically very 

tightly bound. Consequently, the core hole created by X-ray absorption will have a very short 

lifetime and will be rapidly filled by decay of an outer electron. The excess energy from this 

relaxation is released either as an Auger electron or as an X-ray fluorescence photon. The 

fluorescence decay of the core hole can be used as the basis for the absorption measurement. The 

amount of fluorescent decay increases with energy and dominates over Auger decay for hard X-

ray experiments [55,117]. For interfacial charge transfer study in our superlattice and double 

perovskites samples, we used the fluorescence mode. 

 

Figure 3.29: XAS detection modes. (Adapted from [122]) 
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3.6.6 X-ray linear dichroism (XLD) 

Linear dichroism refers to the angle dependent effects 

when the direction of the linear polarized E vector is 

changed relative to the sample. In an X-ray absorption 

experiment, for linear polarized X-rays, the electric 

field vector E acts like a search light for the direction of 

the number of empty valence states. The transition 

intensity is directly proportional to the number of empty 

valence states in the direction of E, as shown in Figure 3.30 [123]. The charge distribution of the 

individual p and d orbitals is asymmetric in space in many cases and therefore transitions to 

individual p and d orbitals will depend on the orientation of the E-vector relative to the x, y, z 

coordinate system of the crystal. This is the origin of the natural linear dichroism effect [124]. 

XLD is very sensitive to deviations of the local valence charge in the atomic volume from 

spherical symmetry. By measuring X-ray absorption along three orthogonal directions, we can 

determine the projection of the number of holes along the three directions, as illustrated in Figure 

3.31 [124]. In this figure, for L-edges the transition intensity is zero if the E-vector lies along the 

d orbital nodal axis, which is the intersection of two nodal planes. In our study, we focused on 

measurements with the E-vector oriented parallel and perpendicular to the crystal c-axis. We 

probe anisotropies in terms of both energy levels and hole density in the two directions. 

 

Figure 3.30: An example of search light effect in 
K-edge. (Adapted from [123] 

Figure 3.31: Polarization-dependent core to valence transition intensities for E along the principal coordinate axes. 
The intensities shown for the four basic symmetry cases: s pi (i = x, y, z), p dij (i ≠ j = x, y, z), p  dx2−y2 and p 
 d3z2−r2. All intensities are per orbital per spin in units of atomic radius squared (AR2). (Adapted from [124] 
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3.7 Electron Microscopy 

Human eye is unable to see individual atoms using traditional light microscopy as optical 

wavelengths are far too large to resolve individual atoms. However, the wavelengths of electrons 

are much smaller than atomic dimensions, paving the way for atomic-scale imaging using 

electron microscopy, thus to seeing the atoms through electrons [125]. Scanning Transmission 

Electron Microscopy (STEM) represents an advanced electron microscopy, providing atomic-

resolution imaging and spectroscopic analysis capabilities using a highly focused electron beam. 

Currently, STEM resolution has reached sub-angstrom levels, with imaging capabilities down to 

0.5 Å [126]. Unlike scanning electron microscopy (SEM) or scanning probe microscopy (SPM), 

which primarily probe surface features, transmission electron microscopy (TEM) and STEM 

allow researchers to "see into" the bulk of materials, providing insights into internal structures at 

the atomic scale  [125]. STEM has emerged as one of the most powerful characterization tools 

employed by material scientists, in large part due to its unmatched spatial resolution and 

flexibility [127]. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.32: A schematic diagram of a STEM 
instrument. (Adapted from [128] 
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Figure 3.32  [128] illustrates a schematic of the Scanning Transmission Electron Microscope 

(STEM) optical configuration. There is a highly coherent electron source consisting of a tip and 

an anode to generate free electrons, a tube of electrodes to accelerate the electron beam to 

voltages of 20–300 kV [127]. 

A series of electromagnetic lenses focuses the electron beam into a fine probe that is directed 

onto a thin, electron-transparent sample. All lenses preceding the sample are known as condenser 

lenses, except for the final focusing lens, which is called the objective lens. The primary function 

of the lens system is to demagnify the finite-sized electron source sufficiently to form an atomic-

scale probe at the sample. The objective lens provides the final and most significant 

demagnification step. However, it also introduces the most prominent optical aberrations in the 

system. To mitigate these aberrations, an objective aperture is used to limit the numerical 

aperture of the lens. This has two key consequences: 1) it imposes a diffraction limit to the 

smallest probe diameter that may be formed and 2) electrons that do not pass through the 

aperture are lost, and therefore the aperture restricts the amount of beam current available. Scan 

coils are used to raster the probe across the sample. As the probe scans, various scattered signals 

are collected and mapped to generate a magnified image. STEM offers a wide range of signal 

detection modes as shown in Figure 3.33(a) [129], a notable of them are the following. 

• In the Bright Field (BF) mode, transmitted electrons are detected that exit the sample at 

low angles relative to the optic axis (usually smaller than the incident beam convergence 

angle) 

• In the Annular Dark Field (ADF) mode, transmitted electrons leave the sample at 

relatively high angles with respect to the optic axis (usually at an angle several times the 

incident beam convergence angle). One of the most powerful features of STEM is Z-

contrast imaging (Z for atomic number), achieved through high-angle annular dark-field 

(HAADF) detectors (A schematic of these three modes is shown in Figure 3.33(b) [130]). 

In this mode, image contrast is approximately proportional to the square of the atomic 

number (Z²) [128]. Modern STEM imaging experiments typically utilize multiple 

simultaneous detectors in a far-field diffraction plane including ADF, HAADF, BF and 

segmented detectors for differential phase contrast (DPC). Despite the measurements 
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taking place in a diffraction plane, the resulting signals are 2D images (or 1D line traces) 

where each pixel corresponds to a different probe position on the sample surface [127]. 

 

• Electron Energy Loss Spectroscopy (EELS): Analyzes transmitted electrons that have 

lost energy while passing through the sample, producing a spectrum based on energy loss. 

EELS spectrum provides detailed information about electronic structure, chemical 

bonding, and local atomic environment [131]. 

• Energy-Dispersive X-ray Spectroscopy (EDX) detects characteristic X-rays emitted 

from the sample due to inelastic interactions. EDX enables quantitative elemental 

analysis and chemical mapping at the atomic scale [132].

Figure 3.33: (a) interactions between the electron beam and the target material, (b) Schematic diagram of STEM 
detector set up. (Adapted from [129] and [130]) 
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Chapter 4 : Thin Film Growth and Characterizations 

 

4.1 Introduction 

High-quality thin films were synthesized using Molecular Beam Epitaxy (MBE) under ultra-high 

vacuum (UHV) conditions, with a base pressure of approximately 2×10−8 Torr. Successful thin 

film growth using MBE requires careful optimization of several parameters, including the flux 

ratio calibration, growth environment (temperature and pressure), substrate selection, substrate 

treatment, annealing (if necessary) etc. Each of these factors plays a critical role. Given the 

sensitivity of MBE, even minor deviations can result in failure to achieve the desired film quality 

or phase. Among these parameters, considerable effort was devoted to identifying the optimal 

temperature and pressure conditions necessary to stabilize the desired phases, especially for 

SrCoO3 films and SrIrO3/SrCoO3 (SIO/SCO) superlattices. 

This chapter begins with a list of operational modes of different instruments that guided back and 

forth to successful film growth. These tools were essential for real-time feedback and post-

growth analysis of film quality. Following that, detailed discussions are presented on the 

synthesis of SrCoO3 single-phase films, SrIrO3/ SrCoO3 superlattices, and Sr2CoIrO6 double 

perovskites, with a focus on the conditions that led to successful growth. The chapter concludes 

with a discussion of some of the notable challenges encountered during the growth process and 

point out some key lessons.  

 

4.2 Characterization backgrounds 

To achieve high-quality thin films and optimize growth parameters, a three-stage primary 

characterization approach was employed for all films. Reflection High-Energy Electron 

Diffraction (RHEED) was used during film growth to monitor surface morphology and 

crystallinity in real time. Following growth, the films were transferred to the X-ray photoelectron 

spectroscopy (XPS) system via an ultra-high vacuum (UHV) transfer line. XPS was used to 

characterize the chemical state of constituent elements, determine stoichiometry and estimate 
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film thickness of the thinner samples (≤5 nm). Following that, an ex-situ X-ray diffraction 

(XRD) was used to determine the crystal structure of the film. Feedback from these 

characterizations was used iteratively to refine and improve the subsequent growth. The standard 

operating conditions of the regular set of experiments for thin film synthesis are as follows: 

To obtain RHEED data, A KSA 400 RHEED system was 

operated in a constant accelerating voltage of 15 KV and a 

filament current of 1.6 - 1.7 Amperes. Stage temperature was 

measured and monitored using a thermocouple attached directly 

to the stage heater. For each film and during all stages including 

temperature ramping up, substrate annealing, film deposition 

and cooling, we used oxygen plasma generated by a 300-Watts 

radio-radio-frequency plasma source operating at 13.56 MHz. 

In-vacuo XPS was performed in a PHI 5400 XPS system using 

monochromatic Al K-α source (photon energy 14.5 KeV).  

The XRD study was performed in a Rigaku SmartLab system with a Cu K-α source in the 

parallel-beam geometry operated at 40 KV and 30 mA. Film thicknesses and roughness were 

further analyzed by X-ray reflectivity (XRR) using the GenX software package  [133]. 

The precursors used for film growth described in this chapter are as following: elemental 

strontium (Sigma-Aldrich, 99.99%) and iridium(III) acetylacetonate (Strem Chemicals, 98%) 

 

 

Figure 4.1: Elemental Sr Source. 



88 
 

 

4.3 SrCoO3 (SCO) growth and characterizations 

4.3.1 Backgrounds 

SrCoO3 thin films were epitaxially grown on LaAlO3 (LAO) (100) and (LaAlO3)0.3 

(Sr2AlTaO6)0.7 (LSAT) (100) substrates obtained from MTI Corporation. Prior to each growth, 

substrates were sequentially sonicated in Acetone to dissolve organic compounds, followed by 

Isopropyl alcohol to remove non-polar compounds- each for a minimum of 5 minutes. As the 

substrates from MTI were already pre-cleaned and vacuum sealed, in several cases, substrates 

were loaded directly into the chamber and surface treatment was performed using just oxygen 

plasma. Both sonicated and as-received substrates exhibited excellent surface quality and 

facilitated the growth of high-quality films. Most of the films were grown on 10 mm × 10 mm 

substrates, while 5 mm × 5 mm substrates were used to optimize growth conditions in the 

preliminary samples. 

Elemental strontium and cobalt were used as source 

materials and thermally evaporated from effusion cells, 

operating in the range of 440 °C - 490 °C and 1280 °C -

1320 °C respectively. Fluxes were calibrated using a Quartz 

Crystal Microbalance (QCM) to achieve a 1:1 

stoichiometric ratio. Rutherford backscattering 

spectrometry (RBS) was employed to correlate QCM flux 

readings with the actual deposition rates (Figure 4.2). RBS 

was used periodically to verify and adjust flux calibrations. For RBS, MgO, MgAl2O4, Al2O3 

were used as substrates as they are free of heavy elements. This helped avoid spectral 

interference that would have otherwise complicated accurate quantification of Sr and Co 

concentrations. 

Prior to deposition, LAO and LSAT substrates were annealed in Oxygen for about 30 minutes at 

800 °C and 850 °C respectively in presence of oxygen plasma. Substrate annealing duration was 

occasionally adjusted based on the RHEED patterns of the bare substrate. The temperature was 

subsequently reduced to the growth temperature at a rate of 20°C/min. An optimal growth 

Figure 4.2: Rutherford backscattering 
spectroscopy simulation. 
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temperature window of 580 – 630 °C was determined for the SCO films. Below 580 °C, the films 

tended to become amorphous, whereas temperatures above this range led to the formation of 

significant amounts of undesired phases. During deposition, an oxygen flow rate of 1.5 standard 

cubic centimeters per minute (sccm) was maintained, resulting in a chamber pressure of 

approximately 1 × 10-5 Torr.  

Both layer-by-layer and co-deposition growth methods were explored for growing SCO films. 

Both methods yielded excellent film quality, though co-deposition method was mostly used to 

mitigate potential flux variations during extended growth periods. For most of the films, growth 

rates were in the range of 55- 110 seconds(sec)/unit cell(uc). For growth rates of (55 sec/uc), 

intermittent annealing was required (up to every 5-unit cell). The optimal annealing duration 

depended on the growth rate; for instance, a growth rate of 55 sec/unit cell corresponded to an 

optimal annealing period of 40-70 seconds, which enhanced RHEED streak quality and Kikuchi 

lines. Prolonged annealing led to surface roughening. For the 

growth rate of 110 sec/uc or lower, intermittent annealing was not 

required for film thicknesses up to 10 nm. However, it was 

preferred to apply annealing every 10 uc to maintain consistent 

high crystallinity throughout the growth process. Most of the 

SCO films were synthesized with a thickness of 10 ± 2 nm, while 

a small set of samples were grown at reduced thickness (5 nm or 

even less) and at significantly greater thicknesses (up to 50 nm). 

Post-deposition cooling was performed under an oxygen flow of 

2 sccm (P ~ 2 × 10-5 Torr) at a rate of 15–20 °C/min, and no 

noticeable differences were observed in this cooling range in film quality or following 

characterizations. In one growth involving an 8 nm thick film, a much slower cooling rate 

(5 °C/min) was used. This also improved film quality without introducing additional surface 

roughness (Figure 4.3). Post-growth cooling generally enhanced surface morphology unless the 

film was Co- or significantly Sr-rich. 

RHEED was employed for real-time monitoring of surface morphology of the films. Based on 

experiences with Co-based oxides [134] and SrIrO3 (SIO) film growths [76], the beam was 

blanked during growth of SCO or SIO layers to prevent reduction of the material except for brief 

Figure 4.3: Plasma annealing 
effect. 
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1-2 second intervals each minute to record a picture. To get insights on the electronic structure of 

Co and Oxygen, as well as the spin state of Co, soft X-ray Absorption Spectroscopy (XAS) of Co 

L and O K edges was performed in the Center for Functional Nanomaterials, Brookhaven 

National Laboratory. For these ex-situ measurements, samples were immediately sealed in 

vacuum bags upon removal from the load-lock to preserve surface quality and maintain the 

perovskite phase. 

 

4.3.2 Results and discussions 

Figure 4.4(a) presents the RHEED pattern of a LaAlO3 (LAO) substrate immediately prior to 

film deposition, while Figure 4.4(b)  shows the RHEED image of the SrCoO3 (SCO) film on 

LAO following growth and cooling. RHEED demonstrates excellent quality of the film as 

indicated by sharp, well-defined diffractions spots and Kikuchi lines. Moreover, a nearly perfect 

alignment between the substrate and film spots was found, indicating coherent epitaxial growth 

with minimal interfacial strain or structural defects. It’s one of the best RHEED images 

compared to the existing literature which indicates higher quality of our films. This can be  

 

attributed to the superior stoichiometric control offered by MBE compared to pulsed laser 

deposition (PLD)- the most common growth method for the SCO films [30,32].  

Figure 4.4: (a) RHEED and (b) XRD of SrCoO3. 
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SrCoO3 films exhibited extreme sensitivity to excess Co content. For example, Figure 4.5(b) 

shows the post-growth RHEED image of a film with only 22% excess Co (Sr: Co= 45%: 55%) 

than ideal stoichiometric ratio, yet it resulted in a significant amount of secondary phases. 

Notably, such undesirable extra phases were observed even in ultrathin films only a few unit 

cells thick with excess Co. On the other hand, SCO films exhibited greater tolerance to excess Sr, 

though its level depended upon film thickness. For 10 nm thick films with a ratio of Sr: Co= 

55%:45%, films still maintained a reasonable quality. The RHEED morphology of the off-

stoichiometric films provides clear indicators of whether the films are Sr or Co rich. As shown in 

Figure 4.5(a) RHEED patterns of Sr-rich films appear streaky, while Co-rich films exhibit spotty 

patterns. 

 

The ex-situ X-ray Diffraction (XRD) data in Figure 4.4(b) reveals the predominant presence of 

the perovskite phase with minor contributions from the brownmillerite (BM) phase, as indicated 

by a characteristic peak at ~34° [30,135,136]. The BM phase stems likely from a fundamental 

limitation of MBE growth conditions. MBE is limited to operate in a maximum pressure on the 

order of 10-5 Torr, while achieving a fully oxidized SCO films with Co4+ would require two-three 

Figure 4.5: (a) Sr rich, (b) Co Rich, (c) Ideal Stoichiometric SrCoO3 film. 

Figure 4.6: SrCoO3 film crystalline quality (a) without (b) with SrIrO3 capping. 
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orders of higher pressure [30,137]. Films with the perovskites (P-SCO) phase demonstrate 

extreme sensitivity to atmospheric exposure, readily converting to the BM-SCO phase through 

the formation of oxygen vacancy channels. However, the phase can be preserved by putting only 

a few unit cells of SIO layers on the top and bottom surfaces of the SCO film, as suggested by 

Figure 4.6.  

Figure 4.7(a) shows the in vacuo XPS of Co 2p of pure SrCoO3 (Co4+) along with LaCoO3 

(Co3+) and CoMn2O4 (Co2+) [138] as reference spectra. Comparing the Co 2p3/2 satellite peaks of 

different oxidation states of Co in literature [139], it can be concluded that a higher oxidation 

state corresponds to a reduced area in the satellite peak. The weaker Co 2p3/2 satellite peak in the 

SCO film compared to references of Co3+ and Co2+ (marked by orange ellipse) indicates a Co 

oxidation state higher than Co3+. Similarly, the shake-up satellite at ~72 eV observed in the Co 

3p spectrum for LCO(Co3+) in Figure 4.7(b)  is nearly absent in SCO, further supporting the 

presence of Co⁴⁺ [139,140]. 

 

XAS measurements were conducted on two SCO samples. Both were studied at room 

temperature, with one sample additionally characterized at 170 K. Although the Co L edge data 

were analyzed qualitatively without energy calibration, it still provided useful information. While 

literature reports some discrepancies in the Co L₃-edge energy position [32,141,142], an 

agreement has been established that Co4+ is characterized by a minimized additional edge 

features in the L3 edge. For example, the reference data in Figure 4.8(b) [139] shows L3 edge 

Figure 4.7: (a) Co 2p, (b) Co 3p XPS data of SrCoO3 with references samples. 
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spectra for all Sr-Co based systems exhibit a subtle pre-peak at 776.2 eV except for the P-SCO 

phase. The room temperature measurements for both SCO films, in Figure 4.8(a), lack this 

feature supporting the presence of the P-SCO phase in our films. However, the L₃ edge data 

acquired at 170 K suggests a temperature-induced phase transition, although the exact nature of 

the resulting phase(s) remains undetermined. This P-SCO nature in the films is further supported 

by the O-K edge spectrum of SrCoO3 in Figure 4.9. The O-K edge measures the density of 

unoccupied O 2p states and the pre-edge peak at ~530 eV corresponds to Co 3d- O 2p 

hybridization occurring via ligand to metal charge transfer (LMCT) [143,144]. There is an 

increasing LMCT effect with the number of unoccupied states in Co 3d (increasing oxidation 

state) which results in a more pronounced pre-edge peak [144]. The larger O-K pre-edge 

intensity observed in our SCO films, compared to previous studies [32] suggests a higher 

oxidation state of Co in our samples. It was attempted to improve some of the films that 

underwent into undesirable phases due to degradation from air exposure. Post-growth annealing 

was performed at 300 °C for 1 hour in an ozone-rich environment using an ozone generator in 

Prof. Steve May’s laboratory at Drexel University. Although some previous works demonstrated 

that ozone annealing could effectively oxidize Co to the nearly Co4+ state [32,135] , this 

treatment didn’t work out in recovering the P-SCO phase in the grown films.  

 

Figure 4.8: (a) Co L-edge XAS data of SrCoO3 films (b) Reference data- adapted from [139]. 
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4.4 SrIrO3 (SIO) growth and characterizations 

Before discussing the growth conditions for SrIrO3/ SrCoO3 (SIO/SCO) superlattices, a brief 

overview of the optimized growth parameters for pure SrIrO₃ (SIO) thin films is provided. The 

recipe was developed by Rimal et al. [76]  in the FINO lab MBE system. 

Strontium was thermally evaporated from the effusion cell, operating between 430 °C and 475 °C 

that generated a flux rate of approximately 0.01–0.015 Å/s. Iridium was supplied via a metal-

organic precursor (Strem Chemicals, iridium (III) acetylacetonate, 98%) that enabled delivery of 

Ir flux only at 150–173 °C, significantly lower than temperatures required for elemental iridium 

evaporation (> 2000 °C) [145,146]. In this approach, SIO films were synthesized in the 

adsorption-controlled growth procedure [147,148], wherein excess Ir atoms desorbed from the 

surface due to their high vapor pressure. To note, SIO films were originally grown on a variety of 

single-crystal substrates, including LaAlO3 (LAO) (100) and (LaAlO3)0.3 (Sr2AlTaO6)0.7 (LSAT) 

(100), SrTiO3 (STO) (100) and GdScO3 (GSO) to study strain dependence of its electronic 

behavior. 

 

 

 

Figure 4.9: (a) O K-edge XAS data of 2 SrCoO3 films (b) Reference data- adapted from [32]. 
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The optimal temperature for epitaxial SIO growth was determined to 

be 650 °C. An oxygen flow rate of 0.4 sccm was maintained during 

deposition, resulting in a chamber partial pressure of approximately 6 

× 10-6 Torr. The oxygen plasma source was continuously operated 

throughout the growth process to help decompose the metal-organic 

precursor and facilitate the formation of the desired perovskite phase 

of SrIrO3. To ensure a clean and smooth surface, only Ir flux was 

supplied leaving Sr shutter closed, for about 2 minutes both prior to 

and following the growth. The pre-growth treatment removed 

residual surface contaminants and improved initial surface flatness, 

while the post-growth treatment further enhanced surface 

morphology. Sr rich films led to produce haziness in RHEED pattern 

which could be improved by supplying only Ir for some extra time to compensate for the missing 

Ir atoms. Ir rich surfaces showed spotty RHEED patterns, as shown in Figure 4.11(bottom), 

however annealing the film in oxygen plasma environment would dissolve the extra Ir and 

remove those undesired features. 

 

 

 

Figure 4.10: Crystal structure data of SrIrO3. (Adapted from [76]) 

Figure 4.11: Sr rich (top) 
and Ir rich (bottom) SrIrO3 
films. 
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4.5 SrIrO3/SrCoO3 (SIO/SCO) superlattice growth and characterizations: 

4.5.1 Backgrounds 

Three sets of superlattice samples were grown over the course of time. The first was relatively 

preliminary to optimize growth conditions, the second set was comprehensively studied and 

specifically designed to investigate interfacial charge transfer phenomena. The third set is 

currently in the early stages of characterization. Therefore, this chapter will primarily focus on 

the growth and characterizations of the second set, given its relevance to the charge transfer 

study, discussed in the next chapter. 

Three SIO/[SCO/SIO]n superlattice films were synthesized using MBE, on (100)-oriented LSAT 

substrates. The films are characterized by the number of unit cells in individual bilayers such as- 

1) SIO, SCO= (4, 2) uc (n= 4 bilayers), 2) SIO, SCO= (5, 3) uc (n= 4 bilayers), 3) SIO, SCO= (6, 

4) uc (n= 3 bilayers). They will be represented most often by SLi and total bilayer thickness (b) 

in this chapter and following such as: SL1 (b= 6 uc), SL2 (b= 8 uc) and SL3 (b= 10 uc). Thus, 

charge transfer phenomena were studied tuned by a decreasing ratio of SIO: SCO (2:1, 5:3, 3:2 

respectively), while total thicknesses remained roughly constant (11 nm, 14.5 nm , 14 nm 

respectively). The top-most SIO layer served as a capping layer to prevent degradation in the 

underlying SCO layer. The LSAT substrate (cubic lattice constant, (ac= 3.868 ˚A) has a lattice 

mismatch of 1% with SrCoO3 (ac =3.829 ˚A) [149,150] and -2.4% with SrIrO3 (bulk pseudo-

cubic lattice parameter (3.96˚A) [76,149–151]. Before each growth, the substrate was annealed at 

850 °C for 30 minutes and then cooled to the growth temperature (625 °C). A narrow range of 

growth window (615- 635 °C) was found for the superlattice films.  

To grow individual SCO and SIO layers, the same optimized procedures were followed which 

were established for growing pure SCO and pure SIO films. The same flux rate of Sr for both 

SCO and SIO layers was maintaned, while Co and Ir flux rates were adjusted to achieve 

stoichiometric growths in both layers. Following growth, the samples were cooled at a rate of 20 

°C/min. In-situ RHEED and in-vacuo XPS were used as like as the pure samples. For the 

superlattice samples, in addition to the lab-based XPS, an ex-situ hard X-ray photoelectron 

spectroscopy (HAXPES) study was conducted, using a monochoromated 5.4 KeV microfocus X-
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ray source. HAXPES enabled probing the Co oxidation states of deeper SCO layers and 

investigation of the buried interfaces. All XPS and HAXPES data were calibrated by referencing 

the primary O 1s peak to 530 eV [76,112]. High-Angle Annular Dark-Field Scanning 

Transmission Electron Microscopy (HAADF- STEM) combined with energy-dispersive X-ray 

spectroscopy (EDX) mapping was performed in the Center for Electron Microscopy and 

Analysis at the Ohio State University to examine the crystal structure and elemental distribution. 

Polarization-dependent Hard X-ray Absorption Spectroscopy (XAS) was performed on Co K and 

Ir L2/3 edges, the experimental details and results of XAS analysis are discussed in the next 

chapter. 

 

4.5.2 Results and discussions 

The crystal structure data for the SIO, SCO= (6, 4) uc (b= 10 uc) film is presented in Figure 

4.12- Figure 4.14 as a representative for the superlattices. In-situ RHEED in Figure 4.12(a) 

clearly shows the Kikuchi lines and sharp diffraction spots confirming high crystalline quality 

and atomically flat surfaces. A reciprocal space mapping measurement of this film, performed 

along the LSAT (103) shows uniform Qz (marked by the dotted vertical line) in Figure 

4.13(right). This indicates that each layer is locked to the LSAT substrate, confirming the 

coherently strained and epitaxial nature of the superlattice structure. The structural quality of the 

superlattices is further confirmed by STEM measurements, as shown in Figure 4.13(left). 

 
Figure 4.12: (a) Schematic diagram of the (b= 10 uc) superlattice film, (b) corresponding RHEED data. 
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The XRD Bragg peaks (denoted by 1, 2) in Figure 4.14(a) also demonstrates high-order 

crystallinity of the films. Superlattice reflections, represented by the satellite peaks (1’, 2’), 

further confirm long-range structural order of the superlattices. XRR simulation (inset) suggests 

an interfacial roughness between 0.1-0.2 nm and a surface roughness between 0.3-0.4 nm. It’s 

worth highlighting that, although pure SrCoO3 undergoes significant degradation to the 

brownmillerite phase when exposed to air for over 24 hours, XRD data in Figure 4.14(b) 

indicates that, when incorporated into a superlattice with SrIrO3, it remains intact even after 6 

months. 

Figure 4.13: STEM and RSM data of the (b= 10 uc) superlattice film. 

Figure 4.14: XRD data of the three superlattices (XRR fitting is in inset), (b) XRD of (b= 10 uc) SL film in 6 months. 
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4.6 Sr2CoIrO6 (SCIO) growth and characterizations 

Sr2CoIrO6 (SCIO) films were grown on (100)-oriented SrTiO3 (STO) substrate obtained from 

MTI corporation. A ratio of 2:1 between Sr and Co was ensured using Rutherford Backscattering 

Spectrometry (RBS). The STO substrates were annealed in oxygen plasma for 30 minutes at 800 

°C. SCIO films were grown at 625 °C, where Sr, Co, and Ir sources were supplied 

simultaneously. A relatively wide window of growth temperature was observed for the double 

perovskites (625- 700 °C). An oxygen flow rate of 1.0 sccm (P= 6 × 10-5 Torr) was maintained 

during growth. To note, this relatively high oxygen pressure was essential for growing and 

stabilizing the SCIO films, however it contributed to the oxidation of the Ir source material and 

leading to it’s rapid depletion. Because of this, a relatively small number of SCIO films were 

grown. 

To promote cation ordering and investigate any change in electronic structure, one of the SCIO 

films was post-annealed at 750 °C for 3 hours in a flowing air tube furnace. Due a relatively 

small difference in cation radii (0.04 A) between Co3+ and Ir5+ [152], achieving a spontaneously 

ordered phase in SCIO was inherently challenging [153,154]. Although the ordering parameter is 

not determined quantitatively, XRD data in reveals presence of superlattice reflections at half-

integer lattice constant- SCIO (111). This indicates the formation of an ordered superstructure, 

providing evidence of spontaneous B-site ordering in our double perovskites  [152,155]. 

Furthermore, in-situ RHEED exhibits two-fold superstructure streaks (highlighted by the dashed 

orange ellipse) along azimuthal (110) that corresponds to the double perovskite unit cell 

[155,156] 

Figure 4.15: (a) RHEED, (b) XRD and (c) XPS of Sr2CoIrO6 with HAXPES of (b= 10 uc) superlattice film. 
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In Figure 4.15(c), the Co 2p3/2 satellite peaks in the HAXPES data of a representative superlattice 

and in the XPS of a SCIO sample, comparing with the reference samples, suggest a mixture of 

Co2+/3+ in both these compounds. This deviation from the Co⁴⁺ state observed in pure SrCoO3 

suggests that interfacial charge transfer occurring within these films. A more detailed 

investigation of charge transfer phenomenon has been explored using X-ray absorption 

spectroscopy (XAS) in the following chapter. 

 

4.7 LaCoO3 (LCO) growth and characterizations 

LaCoO3 (LCO) thin films were epitaxially grown on LaAlO3 (LAO) substrates, which served as 

reference samples. The Co K-edge X-ray absorption spectroscopy (XAS) of these reference films 

was utilized to determine the energy position of the Co3+ oxidation state. The La effusion cell 

was heated to 1560 °C, generating a flux rate of 0.046 Å/s, while the Co cell was heated to 

1405 °C producing a flux rate of 0.0135 Å/s. Rutherford Backscattering Spectrometry (RBS) 

measurements of the LCO films were used to calibrate the quartz crystal microbalance (QCM) 

readings, correlating flux rates with actual deposition rates. Films were grown in an oxygen flow 

rate of 0.4 sccm (P= 6×10-6 Torr) at a substrate temperature of 700°C. A layer-by-layer growth 

mode was employed to grow LCO films resulting a 10-unit cells of thickness. LCO films were 

found to be relatively easier to synthesize, and they exhibited structural stability even when 

exposed to air. 

Figure 4.16: (a) RHEED, (b) XRD data of LaCoO3 film of 10-unit cells of thickness. 
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4.8 Challenges and outlook 

Molecular Beam epitaxy enables the growth of extremely clean and high-quality thin films, but 

this comes with several challenges including frequent maintenance and high operating costs, 

which are common for all MBE systems. 

For me, one major challenge was flux instability, especially for growing superlattice samples that 

took 4-5 hours of deposition time. Because even a small amount of excess Co led to create extra 

undesirable and non-removable phases, I had to closely monitor the RHEED pattern for any sign 

of excess Co. Another major challenge for me was to preserve the pure SCO phase, though using 

a vacuum suitcase could be used to prevent its degradation for ex-situ measurements. An issue, 

experienced by each of our group, was the difficulty in 

removing metal-organic residues from the chamber. We 

however were able to accelerate chamber cleaning process using 

an Infra-red light that heated, and effectively desorbed light 

elements attached to the chamber walls. Still, for certain 

growths, it was not uncommon to find residual heavy atoms 

from the previous growths.  

Toxicity of certain elements posed safety concerns, and 

handling some materials required extra caution. For instance, 

we experienced a fire incident while refilling the iridium source, 

a snapshot is shown in Figure 4.17. A challenge for growing 

SCIO films was that it required a delicate balance between maintaining sufficient oxygen 

pressure for film growth and avoiding oxidation of the Ir source materials. On the other hand, 

some substrates were very expensive, but dicing an expensive 10 mm × 10 mm sample into 4 

pieces of 5 mm × 5mm was helpful for optimizing growth conditions. Reproducing films is 

reported as a common issue in MBE growths, though I didn’t have to tackle this as a major 

challenge when all the system components functioned properly. 

 

Figure 4.17: an image of residuals 
from a fire occurred during Ir 
source refilling. 



102 
 

4.9 Conclusions 

Despite its challenges, Molecular Beam Epitaxy stands as a valuable technique because of its 

ability to produce very clean ultra-thin films. Such a high level of purity is essential for accurate 

scientific results. Moreover, the ability to control independent growth parameters during growth 

time gives extra flexibility to change film composition and achieve the desired phases. For 

example, it was possible to reverse any Sr or Ir rich films by changing corresponding source 

temperatures during growth. Achieving atomic-scale precision using MBE was a major 

advantage for my work. I was able to grow precisely 2-unit cells of thin films.Growth of such 

complex compounds in such precision has vast potential to discover novel physics phenomena 

and advance modern technologies.
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Chapter 5 : Charge Transfer Study using X-ray Absorption Near-Edge 

Structure (XANES) 

 

5.1 Introduction 

As described in chapter 3, X-ray Absorption Near-Edge Structure (XANES), is an established 

technique to determine the valence state of Ir and Co. Both Ir and Co hold an oxidation state of 

4+ in SrIrO3 and SrCoO3 respectively. Therefore, any electron transfer from Ir to Co in the 

superlattice/double perovskite structure consisting of SrIrO3 and SrCoO3 will result in a higher 

(lower) than 4+ state for Ir (Co), which was eventually confirmed using Polarization-dependent 

XAS on the Co K and Ir L23 edges. Polarization-dependent XAS further helped probe any 

asymmetry in charge transfer and anisotropy of electronic structure along in-plane and out-of-

plane orbitals in our films. This chapter begins with a Density Functional Theory calculation, 

performed by Dr. Boris Kiefer from New Mexico State University. In the following, it provides a 

description of XAS experimental data collection, processing, analysis and offers several 

explanations on charge transfer, hybridization and orbital reconstruction. 

 

5.2 Computational modeling 

To determine the expected degree of charge transfer in these systems, Density Functional Theory 

(DFT) was employed using the Vienna ab-initio Simulation Package [157,158] accounting for 

electronic exchange and correlations within the R2SCAN meta-functional [159]. This meta-

functional has been shown to improve thermochemistry [160] and electronic structure [161]. 

Electrons are treated within the projector augmented-wave framework (PAW) [162,163]. 

Material Project recommendations were followed, and a planewave energy cutoff of Ecut = 520 

eV [164] and a Γ-centered k-point grid with a k-spacing of 0.25 Å-1 were adopted. SCO and SIO 

perovskites were optimized in the experimentally known cubic (Pm-3m [27]) and orthorhombic 

(Pnma [34]) equilibrium crystal structures. In preparation for the heterostructure simulations, the 

cubic structure in the Pnma structure was transformed by a 45-degree rotation in the basal plane 
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and cell-doubling along the [010] direction and it was found that the energies between the two 

phases is ~1.0 eV/atom, suggesting that the computations are converged. SCO was found to be a 

ferromagnetic metal (Table 5.1). The effect of octahedral rotation was also tested, and SCO was 

placed in computed SIO equilibrium structure. It was found that that the cubic phase was 

significantly more stable, and octahedral rotation increased the Co magnetic moment by almost 

25%. This rotation induced an increase in magnetism as expected: in cubic SCO Co-d and O-2p 

orbitals showed the highest overlap. With increasing octahedral rotation, the overlap diminished, 

leading to more localized Co-d orbitals, increasing the magnetic moment as computed (Table 

5.1). demonstrating rehybridization of Co-O bonds in the rotated octahedral framework and 

supporting a Co4+ low-spin state. SIO is also metallic, and a sizable magnetic moment of ~ 1 

μB/Ir was observed, consistent with a Ir4+ in low-spin configuration. However, with including 

SOC, it was found that this magnetic moment was significantly reduced to ~ 0.1 μB, in better 

agreement with the absence of permanent magnetism in [34] In contrast, SOC was found to have 

little effect on the magnetism in SCO (Table 5.1). 

                
               Table 5.1: R2SCAN crystallographic parameters of SCO and SIO 

 SCO SCO SIO 

Phase Pm-3m Pnma Pnma 

Lattice 3.807 5.608 5.608 

 (3.8289  [27]) 7.902 7.902 

 (3.89  [164]) 5.617 5.617 

Bandgap metallic metallic metallic 

Rotation angle (deg) 180.0 154.7 154.7 

Magnetic moment (µB) 2.856 3.781 0.990 

SOC magnetic moment (µB) 2.910 0.150 0.116 

Formation energy (eV/atom) 0.000 0.158 NA 

 

The primary interest of this study is to better understand the charge transfer in SIO/SCO 

heterostructures. The heterostructures were generated by stacking Pnma unit cells along [010] 

direction. Co was added by replacing Ir-O2 layers with Co-O2 layers. In the computations, the in-

plane lattice parameter was fixed at the value of LSAT, a = 3.868 Å [165], the substrate used in 
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experiment. In subsequent relaxations the in-plane lattice parameter was fixed, and the z-lattice 

parameter was allowed to relax. Two types of oxygen ions were distinguished: four equatorial 

(in-plane, IP) O ions in the TM-O6 octahedra and two bridging oxygen ions to the Sr-O layers 

(out-of-plane, OOP).  

 

All results were obtained from SOC corrected computations. As a measure to characterize charge 

transfer the site-projected electronic densities of state was used and the layer resolved number of 

occupied electrons states were computed by integrating from the lower edge of the d-band to the 

Fermi level; and for the characterization of oxygen holes, O-2p from the Fermi level to the upper 

edge of the O-2p band was integrated. Moreover, the layer-resolved O-2p shift in the 40 atom 

simulation cells with eight formula unit was computed, following Zhong and Hansmann [17]. To 

note, in SCO/SIO heterostructures O-2p orbitals cross the Fermi level, while in Ref. [17] the O-

2p band is located well below the Fermi level. This integration provides a qualitative measure for 

individual phases, but comparing the heterostructures of this research with compositional 

endmembers, changes were identified due to heterostructure formation, changes in the TM-O 

bond network were identified, and insights into the charge transfer mechanism were derived, that 

could be verified and quantified through XAS experiments.  

Figure 5.1: Crystal structure and the corresponding bond lengths of the superlattice structures (Blue= Co, Yellow= Ir) 
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Sr(CoxIr1−x)O3 charge transfer: Ir in SIO heterostructure shows a small residual magnetic 

moment of 0.14 μB/Ir and for IP and OOP oxygen, 0.038 μB and 0.007 μB, respectively, and the 

ground state remains metallic (Figure 1). For the corresponding SCO endmember, it was found 

that it was a ferromagnetic metal, where Co carried a magnetic moment of 2.4 μB/Co, and both 

IP and OOP oxygen carried a small but non-zero almost degenerate magnetic moment of ~ 0.2 

μB, consistent with Co d - O 2p hybridization. Therefore, the magnetism in both phases suggests 

significant hybridization, a finding that is corroborated by the site projected electronic density of 

states that shows O-2p states crossing the Fermi level, and O-2p holes in both (strained) 

endmembers were found. For the TMs and oxygen ions, layer resolved d-orbital occupancies 

were computed as well as oxygen hole occupancies (Table 5.2 and Table 5.3) 

                  Table 5.2: Layer resolved orbital occupancy 20-atom heterostructures; 5x5x4; IS=-5.   
 

 

 

 

 

 

From the analysis of the occupied Ir-5d, a monotonous decrease in the heterostructures with 

increasing Co concentration was found, consistent with an Ir electron donor, this change 

correlates with the increasing number of IP O 2p holes, both suggesting change in Ir-O 

hybridization. Conversely, it was found that Co 3d increased, with decreasing Co concentration, 

supporting charge density accumulation, as does the decreasing hole abundance of IP-O 2p. 

These results suggest that charge transfer does not occur directly from Ir-O2 layers into the Co-

O2 layer, but as supported by the correlated TM-IP-O the charge transfer pathway is Ir → IP-O 

(Ir-layer) → IP-O (Co-layer) → Co, assisted by hybridization. This finding strongly contrasts 

with the localized orbital picture where oxygen ions are passive spectators in the charge transfer 

process. In summary the DFT-SOC computations support an Ir-O-O-Co charge transfer 

mechanism, with predictions that can be verified through XAS measurements. 

 Sr4Ir2O12 

(5x5x4; IS=-5) 

Sr4Co2Ir2O12 

(5x5x4; IS=-5) 

Sr4Co4O12 

(5x5x4; IS=-5) 

xCo 0.00 0.50 1.00 

0.750, OOP 0.545 0.567 0.632 

0.500, IP 6.562; 0.535 6.785; 0.496 7.154; 0.619 

0.250, OOP 0.545 0.567 0.632 

0.000, IP 6.562; 0.535 6.245; 0.496 7.154; 0.619 
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 Table 5.3: Layer resolved orbital occupancy, 40-atom heterostructures; 5x5x4; IS=-5 
 

 SrIr6O24 Sr2Co2Ir4O24 Sr2Co2Ir4O24 Sr3Co3Ir2O24 Sr4Co4O24 

xCo 0.00 0.25 0.50 0.75 1.00 

0.875, OOP 0.557 0.575 0.570 0.604 0.595 

0.750, IP 6.751; 0.591 6.669; 0.586 6.483; 0.647 6.864; 0.585 6.838; 0.591 

0.625, OOP 0.557 0.575 0.534 0.542 0.595 

0.500, IP 6.751; 0.591 6.589; 0.608 6.892; 0.554 6.824; 0.525 6.838; 0.591 

0.375, OOP 0.557 0.529 0.534 0.520 0.595 

0.250, IP 6.751; 0.591 7.002; 0.446 6.892; 0.554 6.864; 0.585 6.838; 0.591 

0.125, OOP 0.557 0.635 0.403 0.488 0.595 

0.000, IP 6.751; 0.591 6.589; 0.621 6.483; 0.647 6.294; 0.673 6.838; 0.591 

 

 

5.3 Instrumental backgrounds and data acquisition: 

X-ray absorption data were acquired in the Beamline for Materials Measurement (6-BM), 

located in the National Synchrotron Light Source-II, 

Brookhaven National Laboratory. All measurements were 

conducted at room temperature without any external 

magnetic field. 

Data acquisition was performed in the fluorescence mode 

in a 4-element vortex silicon-drift detector using a Si (111) 

monochromator in a step size of 0.5 eV and energy 

resolution of 1.3 × 10-4 ΔE/E. A glancing angle stage, 

consisting of 8 sample slots, was mounted in a rotation 

stage [166]. The rotation stage sits on a tilt stage, allowing 

fine control of the incident angle. The glancing angle  Figure 5.2: The glancing angle stage with 8 
spinners (sample positions). (Adapted from 
[166]) 
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measurement, in which the point of the shallow angle is to spread the beam out over the full 

length of the sample, significantly increases the number of atoms involved in the measurement. 

We had our samples spin continuously at a fixed rate during each measurement to suppress 

spurious diffraction from the substrate.  

Measurements were performed on Ir L2 edge for the superlattice films, Ir L3 edge for the double 

perovskites and Co K edge for both sets of films. It was challenging to measure Ir L3 edge of the 

superlattice films since a transition peak of Ta from the substrate located close the Ir L3 energy. 

To note, Edge energy (Threshold energy) E0 for Co K edge is defined as the maximum of the 

first derivative, and for Ir L edge, it’s simply the white line position. The absorption intensities 

were automatically normalized to the incident photon flux in the beamline. Further XAS data 

reduction and analysis were performed using Athena software from Demeter (version: 0.9.26) 

library [167]. A list of all measured samples is provided in Table 5.4, where the following data 

were used as references: Co K edges of LaCoO3 (Co3+) and CoO (Co2+); Ir L2 (and Ir L3) edges 

of pure SrIrO3 (Ir4+) grown on LSAT (SrTiO3). Energy calibration of Co K and Ir L edges was 

performed by setting a cobalt foil’s first derivative maximum of Co K-edge to 7709 eV and a 

Gold foil’s L3 edge to 11919 eV. 

For the Co K edge data processing, the standard steps 

suggested by [168] in the Athena program was 

followed. First, a linear pre-edge background was 

subtracted (-150 eV to -30 eV before the edge) to get 

rid of other edges. The normalization range differed 

in different samples; an ideal standard range was 100 

eV- 600 eV). The Rbkg value was set to 1 Å 

(represents approximately half the near-neighbor 

distance). To get accurate dichroism results and 

integrated intensity differences in different 

polarizations (orbital polarization), a background subtraction of Ir L2/3 edges was performed in 

the Athena program. First, Ir L2 edge data (not Ir L3) was smoothened to reduce noise level using 

a three-point averaging method (2 repetitions). The background of the L2/3 edges was modeled as 

Figure 5.3: Background subtraction in IP Ir-L2 
edge for the SL-3 sample. 
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a convolution of an arctangent and an error function, while a Lorentzian function was used to fit 

the main edge. 

Table 5.4: List of all sampled studied with XAS 

 

 

5.4 Results and discussions 

5.4.1 X-ray absorption near edge structure (XANES) and charge transfer 

To characterize the degree of interfacial charge transfer between Co and Ir, synchrotron-based 

XANES measurements of the Co K and Ir L edges were employed. For Co K edge data, the 

maximum of the first derivative of the absorption data was used to determine the oxidation state 

of Co  [169]. From the in-plane (IP) polarized XAS data in Figure 5.4(c) the maximum of the 

first derivative of all superlattices align exactly with LaCoO3, indicating an average of Co3+ state. 

Since pure SrCoO3 films grown in our system exhibit perovskite phase (Co4+) (discussed in the 

previous chapter), it can be argued that Ir in SrIrO3 donates electrons to Co in SrCoO3 which 

eventually leads to formation of the stable structure for over 6 months. In the out-of-plane (OOP) 

polarized XAS data, the maximum value of the first derivative of all superlattices shifts further 

Edge Ref. samples Superlattices (SL) Double perovskites (DP) 

Co K 
 

LaCoO3/LaAlO3 

(Co3+) 

CoO (unpolarized) 

(Co2+) 

SIO, SCO= (4, 2) uc (b = 6 uc) 

SIO, SCO= (5, 3) uc (b= 8 uc) 

SIO, SCO= (6, 4) uc (b= 10 uc) 

S2CoIrO6/SrTiO3 (Unannealed) 

S2CoIrO6/SrTiO3 (Annealed) 

Ir L2 
 

SrIrO3/LSAT (Ir4+) SIO, SCO= (4, 2) uc (b = 6 uc) 

SIO, SCO= (5, 3) uc (b= 8 uc) 

SIO, SCO= (6, 4) uc (b= 10 uc) 

 

Ir L3 
 

SrIrO3/SrTiO3 

(Ir4+) 

 
S2CoIrO6/SrTiO3 (Unannealed) 

S2CoIrO6/SrTiO3 (Annealed) 
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towards lower energy, indicating an average Co oxidation state of less than 3+ along the out-of-

plane direction. A similar conclusion can be drawn from the Co K edge data of both of the SCIO 

double perovskites from Figure 5.5. A relatively higher shift is observed towards lower energy 

for both IP and OOP data, which most likely originated due to a greater interaction between Co 

and Ir atoms in SCIO compared to minimal interactions only in the thin interfaces of the 

superlattices. 

 

 

 

 

 

 

 

 

 

 

 

 

 

The white line energy position of both Ir L2 and L3 edges can be used to determine the oxidation 

state of Ir [170–173]. OOP Ir L2 data of the superlattices samples, as shown in Figure 5.6(a) 

clearly exhibit double features in their shape which are found only in Ir5+  and Ir6+ states [170]. 

According to literature, Ir L2 white-line shift associated with a full oxidation state change from 

Ir4+ from Ir5+ is 1.2- 1.3 eV [170,172,173] suggesting an average state of close to Ir5+ for in the 

superlattice films along OOP orbitals. A noticeable shift from Ir4+ along the IP direction is not 

observed. This doesn’t necessarily mean that no charge transfer occurred at all, it may be due to 

Figure 5.4: XAS Co K-Edge data for superlattice samples (a), (c) In-plane data (Normalized and First 
derivative of spectra), (b)(d) Out-of-plane data (Normalized and First derivative of spectra). 
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the bulk sensitivity of the XAS fluorescence mode. Since the interface layer is thinner compared 

to the SIO layers, the average shift likely remains smaller than the step size of 0.5 eV, making it 

undetectable in the measurements. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

It’s unlikely that strain is the origin of the charge transfer phenomena since both pure SrCoO3 

and SrIrO3 films undergo negligible change in their electronic structures due to strain [32,76]. 

Therefore, charge transfer from Ir to Co in our films occurred spontaneously due to the different 

electron affinity and electronegativity of the two ions, as reflected in the O 2p band center 

models presented previously [17,174] and further supported by the DFT modeling for the 

system, described in section 5.2. 

Figure 5.5: XAS Co K-Edge data for Double Perovskite samples (a), (c) In-plane data (Normalized and 
First derivative of spectra), (b)(d) Out-of-plane data (Normalized and First derivative of spectra). 
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5.4.2 Ir L2,3 X-ray linear dichroism (XLD) and anisotropy 

X-ray linear dichroism (XLD) provides valuable insights into anisotropy of the electronic 

structure in superlattice films, where interfaces add an additional degree of symmetry-breaking 

beyond what may already be present from epitaxial strain [175,176]. Differences between in-

plane and out-of-plane polarization may indicate orbital polarization [175] due to charge transfer 

or polar distortions due to interfacial effects [176]. XLD data for pure SrIrO3 films in Figure 

5.7(a) shows that IP Ir L2 shifts towards higher energy by 1 eV relative to OOP Ir L2. The 

transition intensity in the XAS L edge is directly proportional to the number of empty valence 

states in the direction of E [124], therefore IP Ir L2 edge probes only dx2−y2 orbitals of eg band. 

On the other hand, the eg band in SrIrO3 undergoes a splitting due to a compressive strain [49]. It 

is likely that due to in-plane compression, dx2−y2 orbitals experienced a slightly higher Coulomb 

potential leading to raise its energy levels, causing IP Ir L2 white line shifts towards higher 

energy. Figure 5.7(a)  suggests that orbital splitting in SIO on both pure and superlattice 

structures is accompanied by a significant occupancy difference between in-plane (dx2−y2 ) and 

Figure 5.6: (a) Ir L2 edge of the superlattices, (b) Ir L3 edge of the double perovskites. 
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out-of-plane orbitals (dz2−3r2), referred as orbital polarization [175,177]. This is most likely due to 

a relatively larger compressive lattice strain imposed on SIO by the LSAT substrate(-2.4%) [76]. 

 

For the Sr2CoIrO6 films grown on SrTiO3 (100) (0.05% mismatch) in Figure 5.7(c), a relatively 

smaller dichroism and negligible orbital polarization are observed - implying a very small 

deviation from uniform occupancy. To account for the IP shift of Ir L3 XLD data, it’s notes that Ir 

L3 edge allows transitions to both t2g and eg orbitals, and a spin-orbit coupling splits the t2g 

orbitals into Jeff = 1
2
 and Jeff = 3

2
  states [24,44]. Assuming the eg orbitals nearly degenerate, it 

suggests ∆t2g= ~0.5 eV for SCIO films. 

 

5.4.3 Angle-dependence of Co K pre-edge and hybridization 

Polarization dependent pre-edge data was analyzed to investigate potential 4p-3d mixing in Co 

and octahedral distortions in SCO layers of the superlattices. In a perfect octahedral system, 4p-

3d mixing is forbidden because of the inversion symmetry, and any pre-edge feature arises solely 

due to quadrupolar contribution [55,178]. Any pre-edge feature is indicative of dipolar 

contributions, which indicates 4p-3d orbital mixing. Therefore, the degree of 4p–3d mixing can 

be determined from the dipolar contribution, which is expected to follow a cos2θ angular 

dependence [118,179–181]. To analyze the polarization dependence of the pre-edge features, the 

peaks were fitted using Lorentzian functions and modeled the background with an error function 

as shown in Figure 5.8 and Figure 5.9 and Table 5.5. 

Figure 5.7: X-ray linear dichroism data for (a) Ir L2 edge of superlattices, (b) Ir L3 edge of double perovskites (c) Co 
K edge of the superlattices. 
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For Co, the quadrupolar contribution accounts for only about 4% of the dipolar component in the 

pre-edge intensity [55], consequently even a moderate dipolar contribution should appear in a 

significantly enhanced manner. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.8: Co K Pre-edge fitting for the superlattices. 

Figure 5.9: Co K Pre-edge fitting for the double perovskites. 
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Table 5.5: Pre-edge fitting results from Figure 5.8 and Figure 5.9 

 

 

 

  
Primary 

Peak 

  
Sec. 

Peak 

 

 
Center 

(eV) 

Intensity Sigma Center 

(eV) 

Intensity Sigma 

SL (b= 6 uc) (IP) 7710.90 0.41 5.44 7709.90 0.02 1.78 

SL (b= 6 uc) (OOP) 7709.90 0.156 2.37 7710.90 0.035 1.44 

SL (b= 8 uc) (IP) 7710.50 0.343 3.67 
   

SL (b= 8 uc) (OOP) 7710.50 0.403 4.77 7710.05 0.031 1.43 

SL (b= 10 uc) (IP) 7710.50 0.38 3.69 
   

SL (b= 10 uc) (OOP) 7710.30 0.396 4.17 7709.30 0.005 0.329 

SCIO (Annealed) (IP)  7710.50 0.41 4.97 7709.40 0.1 0.849 

SCIO (Annealed) (OOP)  7710.50 0.411 5.97 7708.80 0.026 1.18 

SCIO (Unannealed) (IP)  7710.90 0.435 5.18 7709.25 0.007 1.10 

SCIO (Unannealed) 

(OOP)  

7710.90 0.451 5.72 7708.80 0.015 1.22 
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The pre-edge spectra of films exhibit varying degrees of polarization dependence, indicating 

differences in local symmetry or electronic structure. For the SL-3 film (b= 10 uc), a single 

Lorentzian peak is sufficient to fit both the IP and OOP pre-edge spectra, with nearly identical 

energy positions and intensities, clearly indicating absence of a dipolar contribution (no 

observable cos2θ variation). For the SL-2 film (b= 8 uc) film, a difference of ~16% is observed 

between IP and OOP Lorentzian peaks at 7710.50 eV indicating a very small dipolar 

contribution. Additionally, a tiny peak appears at 7710.06 eV only along OOP data. This could 

arise due to a non-uniform spin distribution between IP/OOP directions, since a greater spectral 

contribution at lower energies of Co K pre-edge is associated with a higher spin state [182,183]. 

Following the same reasoning, the SL 1 film (b= 6 uc) exhibits a relatively higher dipolar 

contribution and a larger asymmetry in IP/OOP spin distributions. Given that a dipolar 

contribution leads to a pronounced spike in the pre-edge data in a tetragonal system, as illustrated 

with an example in Figure 5.10 [179,180], SrCoO3 layers in the superlattice likely retained just 

as distorted Octahedral coordination. In both SCIO films, no notable p-d mixing is observed, 

while a weak spectral contribution at lower energy likely reflects a greater statistical distribution 

of high spin states along the OOP orbitals. 

 

Figure 5.10: References with significant dichroic contributions to the pre-edge (a) Calculated Ti K edge spectra at 
the of a-TiO2 for different angles of incidence θ with the sum of dipolar and quadrupolar components (thick lines) 
and with quadrupolar components only. (Adapted from [180]), (b) Mn K pre-edge amplitude variation of the 
[Rh(en)3][Mn(N)(CN)5].H2O(Mn(V)-nitrido) compound that follows a cos2 θ trend. (Adapted from [179]) 
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5.4.4 Co K shoulder peaks and hybridization 

The shoulder peaks, shown in Figure 5.11, further revealed a subtle degree of hybridization, with 

their energy positions determined using the second derivative of the spectra following  [184]. In 

the Table 5.6, the peaks labeled S1, observed in the range 7714–7715 eV, likely indicates 

hybridization, although its origin remains a subject to debate. Ref. [185] suggests them as a 

signature of Ligand to Metal charge transfer (LMCT). Ref. [186] explains them as non-local 

hybridization with nearby atoms mediated by O 2p orbitals. The polarization dependence of this 

peak in our superlattice films aligns with [187] supporting a Co (4p)- O- Co’(3d) intersite 

hybridization. In contrast, this peak appears as independent of polarization directions in the 

double perovskites, most likely because the adjacent atoms to Co are Ir in SCIO. A relatively 

enhanced peak in the out-of-plane direction is observed for the SL 2 and SL 3 samples, but an 

opposite trend for the SL 1 sample. This suggests a directional shift and a stronger hybridization 

towards out-of-plane with the decreasing SIO: SCO ratio. The origin of the other shoulder peak 

between 7718-7719 eV observed in all films remains undetermined, however, they may imply a 

form of hybrid transition [184,188]. 

 

 

 

 

 

 

 

 

 

 

 Figure 5.11: Shoulder peaks in the Co K edge data. 
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Table 5.6: Shoulder peak positions in Figure 5.11 (SCIO- unannealed data was not 

in the figure, but included in the table) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sample S1 (eV) S2 (eV) 

SL (b= 6 uc) (IP) 7714 7718 

SL (b= 6 uc) (OOP) 7714.40 7717.50 

SL (b= 8 uc) (IP) 7114.90 7718.90 

SL (b= 8 uc) (OOP) 7714.40 7717.50 

SL (b= 10 uc) (IP) 7714 7717.90 

SL (b= 10 uc) (OOP) 7714.40 7718.90 

SCIO (Annealed)- IP  7714.40 7717.9 

SCIO (Annealed)- OOP  7712.40 7718.50 

SCIO (Unannealed)- IP  7714.90 7718 

SCIO (Unannealed)- OOP 7714  7718  
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5.4.5 In-plane vs out-of-plane pre-edge and octahedral distortion 

The pre-edge data is examined from another point of view. Any tetragonal distortion in Co 

induces a splitting in the 3d eg orbitals which should lead to a difference between IP and OOP 

pre-edge peak positions [58]. The tensile strain on SCO, imposed by the LSAT substrate, is 

expected to contract the apical bonds and elevate energy of the dz2-3r2 orbitals. However, pre-edge 

fitting data in Table 5.5 doesn’t support this idea. Instead, using the second derivative to identify 

maxima of the pre-edges (Figure 5.12), it’s observed that OOP pre-edge primary peak lags by 

~0.5 eV for the (SIO, SCO= (5, 3) uc) and (SIO, SCO= (6, 4) uc) samples. A similar shift in the 

SCIO (annealed) film, which has only 0.05% lattice mismatch with the substrate [152], suggests 

that a mechanism other than strain is responsible for these contradictory results. This may be 

attributed to the distortion of the oxygen octahedra surrounding Co. Ref. [189] proposed a 

similar suggestion for Ni, which exhibited an opposite response to tensile strain than expected in 

iridate-nickelate films. A similar trend is observed in the dichroism of Co K XANES data in 

Figure 5.7(c), where OOP Co K edge leads by 1-2 eV for the superlattice films, though the shift 

is minimal for the SCIO films. 

 

 

 

 

Figure 5.12: Second derivative of IP vs OOP data for selected films. 
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5.5 Conclusions 

In conclusion, it has been confirmed that Ir donates electron to Co in the SrIrO3/SrCoO3 

superlattice and Sr2CoIrO6 double perovskites, thus experimentally verified the prediction made 

by [17] and our DFT model. Using Polarization-dependent XAS on the pre-edge data of Co K 

edge, A sharp reduction in hybridization effect is also observed as individual layer thicknesses 

increase. We believe our research provides a new perspective towards understanding and 

improving existing theories on charge transfer in transition-metal oxides. 
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Chapter 6 : Spin State Transition and Electrical Transport Properties 

 

In the chapter, as an example of the modification of electronic structure in SrIrO3 due to charge 

transfer, electrical transport properties of the superlattices have been discussed. In the following, 

the spin states of Co in both pure SrCoO3 film and superlattices are explored. 

6.1 Electrical transport properties 

The electrical transport property measurements of the films were performed in a Quantum 

Design Physical Property Measurement System (PPMS)- DynaCool, installed in the Department 

of Electrical and Computer Engineering at Auburn University. The DC four-probe method was 

employed in a van der Pauw geometry with indium contacts placed at the four corners of the 

films to serve as ohmic contacts. In the van der Pauw geometry, specific resistivity of a flat 

sample with four small contacts is given by [190,191]: 

ρ =
π𝑑𝑑
ln 2 �

𝑅𝑅1 + 𝑅𝑅2
2 � 𝑓𝑓 �

𝑅𝑅2
𝑅𝑅1
� 

where d is the thickness of the sample, R1 and R2 are 

the measured resistances. The term f(R2/R1) is a 

geometric correction factor, determined numerically or 

graphically. For the samples under study, the value is assumed as 1 [192].  Another term- sheet 

resistance (Rs= ρ/d) is often used in describing  transport properties [193]. The Hall co-efficient 

(RH) is related to the Hall voltage (VH) by: RH = (VHd / IH), where I is the current parallel and H 

is the applied magnetic field perpendicular to the sample. RH > 0 for holes and RH < 0 for 

electrons as majority carriers [194]. 

For resistivity measurements, zero-field cooling and field warming (at 7 T) cycles were 

performed. For temperature-dependent studies, the system was allowed to stabilize for one hour 

after reaching each target temperature to avoid any temperature lag. 

 

Figure 6.1: A parallelepiped sample with 
thickness d. (Adapted from [190]) 
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6.1.1 Transport properties of SrCoO3 

Since SrCoO3 undergoes degradation in air, transport property measurements on SrCoO3 were 

started within 1 hour after removing samples from the high vacuum system. An air exposure of 

24 hours resulted in insulating behavior in the resistivity study, indicating that the film degrades 

significantly from the perovskite (P) Phase. The longitudinal resistivity data for SrCoO3 film is 

shown along with the superlattices in Figure 6.4(a). 

The transverse (Hall) resistivity can arise due to both Ordinary Hall effect (OHE) and 

Anomalous Hall effect (AHE). The OHE arises from the Lorentz force acting on conduction 

electrons, and is linear in an external applied magnetic field (H) with a positive or negative slope 

depending on whether majority carrier is hole or electron  [195,196]. AHE, more commonly 

observed in ferromagnetic materials, depends on the perpendicular magnetization and the total 

Hall resistivity usually gets saturated at high magnetic fields [196]. 

In the Hall resistivity data of SrCoO3, although the 

OHE component is not eliminated, Anomalous Hall 

effect (AHE) can still be clearly qualitative observed 

in from the shape of Figure 6.2, consistent with 

previous studies with perovskite SrCoO3 [29,137]. The 

film was studied in the temperatures: 5 K, 50 K, 70 K, 

150 K, 250 K, 300 K, and a clear AHE was observed 

only between 50 K – 150 K. At 250 K and above, it 

tended to become straight line with a positive slope, 

and at 5 K, only a noise in the data was found. No sign reversal of the AHE is observed in Figure 

6.2, which is in contrast with results from [29], suggesting the mechanism of skew scattering as 

an origin of the AHE over the intrinsic Berry Phase. It suggests that skew scattering got 

suppressed at 5 K, and the intrinsic AHE was almost absent resulting in no AHE effect even at 

lower temperatures [29]. The contributions to the skew scattering mechanism remain 

undetermined.  

 

 

Figure 6.2: Hall resistivity data of the SrCoO3 film. 
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6.1.2 Kondo effect and electronic reconstruction in superlattice 

All the superlattice films showed metallic behavior, with an upturn below 50 K, as shown in 

Figure 6.4(a). This is likely due to weak localization effects, as no appreciable variation in carrier 

concentration ~ 9 × 1021 cm-3 was found. In this literature [76], the authors investigated different 

scattering mechanisms in SrIrO3 films by fitting the temperature dependence resistivity data to 

the equation: 

ρ(𝑇𝑇) = ρ0 + ρ1𝑇𝑇1.4 + ρ𝐾𝐾 �
𝑇𝑇𝐾𝐾2

𝑇𝑇2 + 𝑇𝑇𝐾𝐾2
�
𝑠𝑠

− ρ3 log(𝑇𝑇) 

Here, ρ0, ρ1 and ρ3 represent scattering from 

impurity, quasiparticle and weak antilocalization 

respectively, and ρK, TK represent Kondo 

scattering and Kondo Temperature.  

While Kondo scattering is observed in SrIrO3 

films as shown in Figure 6.3 [76], the effect 

disappeared in the SCO/SIO superlattice films. 

It’s likely because conduction is dominated by 

electrons in SrIrO3, while in the superlattice SIO 

layers donate electrons to SCO leading to the disappearance of the Kondo effect. It underscores 

the role of charge transfer in suppressing this scattering effect, hence confirms a modification of 

the electronic structure due to charge transfer. Moreover, in the superlattice samples, a change in 

the majority carriers with temperature is observed. Figure 6.4(c) shows that the Hall-coefficient 

exhibits a negative slope at 300 K suggesting a n-type carrier, while at 45 K (and below) it 

exhibits a positive slope, indicating p-type majority carriers. It remained unexplored in which 

temperature the transition in carrier type took plane. A more detailed investigation into transport 

properties is expected to be carried out on the latest set of superlattices (set 3). 

Figure 6.3: Temperature dependent resistivity (left) and 
Kondo scattering term (right-top) for SIO films on different 
substrates. (Adapted from [76]) 
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6.2 Branching ratio and spin state 

In transition metal cobaltites, a strong competition exists between Hund’s rule- which favors a 

high-spin (HS) state, and crystal field splitting- which stabilizes a low-spin (LS) state [197]. 

Consequently, the spin state of Co ions in the pristine perovskite SrCoO3 (P-SCO) has been 

under debate, importantly, oxygen vacancies play the role of another degree of freedom 

[198,199]. Experimental studies have reported both low-spin [200] and intermediate spin [200] 

state in SrCoO3. On the other hand, theoretical calculations have predicted that the most probable 

spin configuration should be an intermediate spin state [201,202]. However, the dynamical 

mean-field theory (DMFT) study with density functional theory calculations showed that the 

local moment in P-SCO arises predominantly from the high-spin state rather than the 

intermediate-spin state [203]. Furthermore, it has been further suggested that, the spin state of Co 

ions in P-SCO lies between the HS and IS states, depending on the amount of oxygen vacancy 

[199].  

The spin state of a material can be determined from branching ratio of the L edge data obtained 

via X-ray absorption spectroscopy (XAS) or electron energy loss spectroscopy 

(EELS) [121,204]. The Branching ratio (BR) is defined as I(L3)/ [I(L3) + I(L2)], where I(Li) 

represents integrated intensity of the corresponding peak. As described previously, two SrCoO3 

films were studied with XAS Co L edge. Figure 6.5(a) shows the Co L edge spectra after 

background subtraction using the Shirley method and the corresponding BR value (The Tougaard 

Figure 6.4: Longitudinal resistivity vs Temperature (a) Zero Field cooling (ZFC), (b) comparison of ZFC and FC for  
the (b= 8 uc) superlattice sample, (c) Hall co-efficient versus Field. 
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background subtraction yields a very close result). According to the literature [204], a Branching 

ratio value of 0.804 in SCO S2 sample indicates a high spin state for the Co4+ state. The sample 

is unique in the sense that the film was grown overnight and transported the following morning 

to Brookhaven National Laboratory in a vacuum-sealed bag, with measurements conducted the 

next day. This rapid handling likely caused least oxygen vacancy in the film and preserved the 

intrinsic spin state, making the result more reliable. In contrast, the SCO S1 sample was grown 

three days prior to SCO S2 and stored in the ultra-high vacuum (UHV) transfer line of the MBE 

system. This exhibited a lower BR value of 0.74 (with Shirley background subtraction) 

indicative of an intermediate spin state. 

The superlattice samples were further studied using layer-resolved EELS in the STEM system. 

The Branching ratio values, summarized in Figure 6.5 with a representative sample, indicate high 

spin in each layer for a Co3+ state. This indicates that no spin state transition occurred in the 

superlattice films as a result of the charge transfer.  

 

 

 

 

 

 

Figure 6.5: Branching ratio values of pure SCO (left) and SCO/SIO superlattice (b=10 uc) (right). 
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Chapter 7 : Outlook and Conclusions  

 

Three sets of good superlattice samples were grown over the course of this research. The first set 

was preliminary and used to refine growth conditions of the following sets. This chapter provides 

data from the first and third set, along with supplementary information on the second set. In 

addition to cobalt and iridium-based systems, attempts were made to grow two tantalum-based 

perovskites- SrTaO3 and AgTaO3. However, these efforts did not yield satisfactory results. A 

brief overview of the insights gained from these films is also provided. 

 

7.1 Superlattice- set 1 

Three SIO/SCO superlattices samples were grown in the first set, one of them was on SrTiO3 

substrate, the other two were on LSAT. Another superlattice was grown, replacing SCO by 

LaCoO3 (LCO) to confirm if the system was behaving properly. LaCoO3 is an insulator, therefore 

SIO/LCO superlattice exhibited insulating behavior, as expected. 

 
Figure 7.1: RHEED of a representative superlattice and XRD of 3 superlattices in Set 1. 
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Figure 7.3: Transport data of Set 1 along with a superlattice of LaCoO3-SrIrO3 and pure SrIrO3. 

Figure 7.2: STEM and EDX from of the sample SIO/ [SCO/SIO]3/ LSAT (b= 10 uc) from Superlattice set 1. 
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7.2 Superlattice- set 2 

 

7.3 Superlattice- set 3 

 

Figure 7.4: RHEED figures of (a) SL 1, (b) SL 2, (c) STEM image of SL 2, (d) RSM data of (b= 8 uc) SL of Set 2. 

Figure 7.5: XRD (left) and XRR (right) data of 3 superlattices of Set 3. 
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The third set of superlattices was grown with the goal of investigating their magnetic properties. 

Therefore, the ferromagnetic SrCoO3 layers were made relatively thicker than the previous two 

sets. While in the first two sets, SIO was thicker, in the third set both SIO and SCO layers were 

grown uniformly with the same thickness.  

 

7.4 SrCoOx 

A Co K edge measurement was performed on SrCoOx in the beamline 9-BM-B,C in Advanced 

Photon Source, Argonne National Laboratory. The original SrCoO3 films had been exposed to air 

for approximately 2 days, thus the Co K edge data with respect to the reference film, LaCoO3 

(Co3+), indicates that they underwent to phases with an average oxidation state of Co3+, 

suggesting a predominant presence of the brownmillerite (BM) phase. 

 

7.5 Outlooks on tantalum-based systems 

Attempts were made to grow SrTaO3 thin films, though the growth quality was not up to the 

expectation level. Two primary issues contributed to this. First in SrTaO3, Ta holds an oxidation 

state of Ta4+, which is very unstable and tend to oxidize to Ta5+. Therefore, achieving a stable 

Ta4+ would require a growth environment of low Oxygen (Oxidizing conditions). However, our 

MBE system had a minimum oxygen flow rate of 0.2 sccm, which was sufficient to oxidize a 

large portion of Ta4+ state to Ta5+.  

Figure 7.6: Co K edge of SrCoOx in (most likely in the BM Phase). 
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The other issue was rooted in the Ta source. Elemental Ta is refractory by nature, therefore 

requires very high temperature (> 2400 °C) to generate sufficient vapor pressure for MBE using 

in conventional effusion cells [205]. To bypass this, a metal-organic source was used (like the 

growth of SrIrO3), which required oxygen plasma to decompose the organic ligands and release 

tantalum. Without oxygen plasma, a very tiny amount of Ta would have deposited on the 

substrate. However, oxygen plasma, because of its highly oxidizing nature, would have 

converted Ta4+ to Ta5+ readily. For most of the SrTaO3 growths, oxygen plasma was turned off 

during growth which resulted in very low Ta deposition. Moreover, such a tiny amount, when 

exposed to 0.2 sccm of Oxygen, converted to Ta5+ had there any Ta4+. To protect the SrTaO3 layer 

and potentially stabilize the structure, attempts were made to synthesize AgTaO3 as a capping 

layer. But, Ag was found to be difficult to oxidize within the operating pressure of MBE. Thus, 

growing good quality Ta-based perovskites remained challenging. 

While MBE has inherent limitations, it offers flexibility for continuous innovation and system 

upgrades. For example, hybrid MBE (hMBE) successfully addressed the challenges associated 

with the refractory nature of iridium. Similarly, a modified setup can accommodate issues with 

Ta based perovskites growth in future. 

 

7.6 Conclusions and prospects 

In conclusion, it has been experimentally and theoretically confirmed that Ir donates electrons to 

Co in the SrIrO3/SrCoO3 superlattices and Sr2CoIrO6 double perovskites, thereby confirming the 

direction of charge transfer predicted for similar perovskite superlattices. An extension of the 

theoretical model is that charge transfer does not occur directly from Ir to Co but is mediated 

through the intermittent oxygen sublattice.  

This research holds significant potential for various technological applications. One key example 

is its relevance to overcoming current challenges on transistors and chips. Microchips and 

transistors are the brain of all modern technological tools: modern electronics 

(computers/smartphones/modern cars), household appliances (microwaves, washing machines, 

and refrigerators), medical devices (MRI, CT scanner), industrial robotics (and automation), 

artificial intelligence, quantum computing and many others.  
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Usually, millions of transistors are packed into a single microchip. The smaller the transistors can 

be produced, the more of them can be packed in a chip, and the more powerful device systems 

become. After continuously reducing the size of those transistors (Murphy’s law), currently we 

are on the 2 nanometers scale, and it’s the limit below which silicon leaks current, and unable to 

function effectively anymore. At this point, to continue the current technological advancements, 

we require another breakthrough and must find alternative material to replace silicon. The most 

potential pathway that scientists are attempting to achieve towards this goal is research on two-

dimensional materials (especially transition metals) [206,207]. Fashioning these compounds into 

only three-atom-thickness can help, in principle, make smaller and more energy efficient 

transistors, while avoiding the performance problems of silicon. This dissertation provides 

evidence of successful growths of excellent quality ultra-thin films which are of even less than 1 

nanometer. Particularly, layers of as low as only 2 uc (0.8 nanometers) have been synthesized, 

where individual layers can still exhibit their inherent properties.  

From an economic point of view, the US government enacted the CHIPS and Science Act in 

August 2022 with roughly $280 billion in funding and expected to manufacture nearly 30 percent 

of the world’s leading-edge chips by 2032  [208,209]. In addition, an investment of $500 billion 

in Artificial Intelligence infrastructure was announced in January 2025 [210]. The foundation of 

artificial intelligence is driven by having specially advanced chips (called GPU) to operate it.  

Even with so much investments, it seems there is only one way to circumvent the current barrier- 

going beyond Silicon. An invention of something which can work efficiently at even smaller size 

than silicon will eventually make silicon Chips outdated. That will be a breakthrough. Ultrathin 

films of complex oxides present a promising alternative to silicon in next-generation transistors, 

and this dissertation demonstrates their effectiveness in sub-nanometer scale. Further in-depth 

research on this is worthy and can provide more valuable insights. 

From a different point of view, in investigating charge transfer, it has been demonstrated that 

charge transfer can act as a viable mechanism for stabilizing metastable phases like perovskite 

SrCoO3 (P-SCO). This provides a remarkable opportunity to address a major problem among 

ultra-thin film researchers- preserving the quality of a certain thin film over longer periods.  

Often thin films are grown at pressures hundreds of thousands of times less than atmospheric 

pressure, but once the films are brought to atmosphere, their quality can’t sustain longer. But for 
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real-life applications, we must find a way to have their inherent properties persisted in earth’s 

atmosphere. This problem is even severe for certain materials that perform under harsh 

conditions. For example, satellites run on solar cells for their energy, and these cells must 

withstand significantly higher levels of potentially damaging particle radiation and greater 

fluctuations in temperature in the higher atmospheric spheres and outer space.  

To note, to act as a protective layer, an appropriate coating not only protects from damage, at the 

same time, it doesn’t change inherent properties of the material it’s protecting. Determining the 

appropriate coating is a challenging task. With current established theories, it’s possible to 

predict potential appropriate materials of only a narrow class of semiconducting materials. 

Incorporating a broad spectrum of materials requires verification of existing theories. The 

experimental verification process is additionally important because they can provide important 

feedback missing in existing works. This work can certainly provide a ground in this feedback 

mechanism and help bridge the current gaps in predicting appropriate protective layers in a 

broader manner. 
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