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ABSTRACT 

In this dissertation, we used a combination of several synchrotron-based x-ray 

spectroscopic techniques to investigate the effects of strain, ionic defect formation, and 

heteroengineering in strongly-correlated electronic systems. 

 First, we introduce a method to control and stabilize oxygen vacancies in complex 

transition-metal oxide thin films. In our approach, we utilized atomic layer-by-layer pulsed 

laser deposition (ALL laser PLD) from two separate targets to synthesize high-quality 

single crystalline CaMnO3 films under coherent tensile strain, varying systematically from 

+0.8% to +4%. An increase of the oxygen vacancy content in the single-crystalline 

CaMnO3 thin films with applied in-plane strain was experimentally observed using high-

resolution soft x-ray absorption spectroscopy (XAS) in conjunction with bulk-sensitive 

hard x-ray photoelectron spectroscopy (HAXPES). Our experimental results were verified 

using first-principles theory and atomic core-hole multiplet calculations. Furthermore, our 

results highlight the importance of protecting the surfaces of CaMnO3 thin-films with thin 

Pt layers in-situ in order to stabilize the oxygen vacancy content. 

  Next, we discuss the role of oxygen vacancies in driving the metal-insulator 

transition in LaNiO3 thin films. Here, we also use atomic layer-by-layer pulsed laser 

deposition (ALL laser PLD) from two separate targets to synthesize high-quality single-

crystalline LaNiO3 films with systematically varying thicknesses, ranging from 1 u.c. to 50 

u.c. An increase in the oxygen vacancy content was observed with the decreasing LaNiO3 

film thickness using XAS. A higher concentration of oxygen vacancies was observed for 

the ultrathin insulating films (<1.5 u.c.). The experimental results were compared to first-

principles theoretical calculations. We found that LaNiO3 exhibits room-temperature 
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metallic behavior for thicknesses down to 1.5 u.c., which is the lowest value reported to 

date. 

 Finally, we have investigated an atomically-abrupt interface between the 

paramagnetic LaNiO3 and the antiferromagnetic CaMnO3 thin films. The interface between 

these two complex oxides exhibits interfacial ferromagnetism, which can be tuned via a 

thickness-dependent metal-insulator transition in LaNiO3. Here, we used depth-resolved 

standing-wave photoemission spectroscopy (SW-XPS), scanning transmission electron 

microscopy (STEM), and XAS to observe a depth-dependent charge reconstruction 

occurring at the LaNiO3/CaMnO3 interface. Our elemental standing-wave rocking-curve 

analysis revealed the depth-dependent changes of the Mn and Ni valence states at the 

interface, yielding increased amounts of Mn3+ and Ni2+ cations at the interface. These 

results suggest Mn4+-Mn3+ ferromagnetic double exchange and Ni2+-Mn4+ superexchange 

as possible underlying causes of the emergent interfacial ferromagnetism. 
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CHAPTER 1 

 

INTRODUCTION 

 

1.1 Transition metal oxides 

Complex transition-metal oxides (TMOs), many of which are examples of strongly-

correlated electron systems, are an interesting class of materials that exhibit structural, 

electronic, and magnetic properties, which lead to a wide variety of phases and 

functionalities [1-5]. Such oxides have a generic chemical formula ABO3 and are, 

therefore, comprised of oxygen and at least two other elements, with A, typically, an 

alkaline-earth or a rare-earth metal, and B – a transition metal with multiple possible stable 

oxidation states [7]. The nature of the transition metal-oxygen bond can vary between being 

highly covalent and ionic. Thus, some of these complex oxides are found to exhibit metallic 

behavior, while others are good insulators. Furthermore, some complex TMOs can exhibit 

both metallic and insulating phases as a function of variable factors, such as temperature, 

pressure, and composition [8]. 

Many of these interesting properties (e.g. emergent electrical conductivity) arise 

due to the unique nature of the strongly-correlated d electrons residing in the outer 

valence/conduction orbitals. Strong electron-correlation effects govern the number of 

electrons at a given lattice site and induce local interactions between the charge, spin, and 

orbital degrees of freedom (see Fig. 1.1, adapted from Ref. 1). This interplay can give rise 

to a wide variety of correlated phases, including ferromagnetism, Mott-insulating states, 

various charge-, spin-, and orbital-ordered states, metal–insulator transitions, 

multiferroicity, and superconductivity. 
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1.2 Symmetry breaking and emergence 

Many of the unique phases of TMOs occur due to the changes in symmetry. As 

Landau stated, the sudden disappearance of an element of symmetry in one phase leads to 

a phase transition that yields a new phase of lower symmetry [9]. As shown in Figure 1.2, 

in general, there are three important symmetries that need to be considered for these 

material systems. Spatial inversion (I) symmetry, Time-reversal (T) symmetry, and the 

Gauge (G) symmetry. For example, while in an insulator, broken I symmetry can lead to 

spontaneous electric polarization, that is, ferroelectricity, broken T symmetry and broken 

G symmetry is associated with magnetism and superconductivity or superfluidity, 

respectively [6]. The interaction between the electronic degrees of freedom leads to broken 

Figure 1.1 Electronic and structural degrees of freedom in complex transition-metal 

oxides. The rich correlated phases in transition metal oxides arise due to the complex 

interactions between the charge, orbital, lattice, and spin degrees of freedom. Figure 

adopted from [1]. 
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I, T and G symmetries, which can eventually produce novel emergent phenomena that arise 

through the collective behavior of electrons (and not expected from individual electrons) 

in complex metal oxides. 

In order to gain a clearer understanding, as an example, we will now consider the 

broken symmetries that occur in SrTiO3 with temperature, and the emergent phenomena 

they result in. As shown in Figure 1.3a, at room temperature, its unit cell is cubic with Sr 

atoms in the center of the cube, Ti atoms at the corners, and O atoms on the faces of the 

cube. In this configuration, Ti is surrounded by an O octahedron. While the cubic structure 

has the most energetically favorable packing of the constituent atoms at high temperatures, 

as the temperature is reduced, around T=105 K, the neighboring oxygen octahedra rotate 

in opposite directions, as  shown in Figure 1.3b, to reach the optimal bond lengths between 

Figure 1.2 The interactions among the basic electronic degrees of freedom in strongly-

correlated electronic systems lead to the breaking of I, T and G symmetries, which 

eventually cause novel emergent phenomena to arise at oxide interfaces/surfaces. Figure 

reproduced from [6]. 
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the Sr-O and Ti-O pairs [10,11]. As a result, the cubic symmetry is broken, and the unit 

cell assumes tetragonal symmetry with one long axis (c-axis) and two short axes (a-axes), 

as shown in Figure 1.3b. This symmetry breaking produces ferroelasticity, forming 

domains with different orthogonal orientations of the tetragonal unit cells within SrTiO3 

[12,13]. As the temperature is lowered further, orthorhombic and triclinic structures may 

occur at lower temperatures, even though these perturbations are significantly smaller 

compared to the above-mentioned transition to tetragonal symmetry. All such structural 

changes in the crystal symmetry lift the orbital degeneracies of the electronic system 

[14,15] and, thus, affect the electronic structure of the material. 

Figure 1.3 SrTiO3 and symmetry breaking. (a–e) The emergent properties of SrTiO3 

arise through the breaking of various symmetries with decreasing temperature. (a) At 

room temperature, the perovskite unit cell is cubic. (b) Around T=105 K, cubic to 

tetragonal crystal symmetry occurs due to relative oxygen octahedral rotation and, thus, 

ferroelasticity in SrTiO3 is observed. (c) A ferroelectric transition occurs for SrTiO3 with 

18O isotope around T=23 K, as a result of the displacement of the central Ti atom toward 

the corner of the distorted O octahedron leading to a unit cell with a permanent electric 

dipole. (d) Around T=300 mK, doped SrTiO3 becomes a superconductor. (e) Rotational 

symmetry in spin space is preserved, and thus bulk SrTiO3 does not exhibit magnetism 

at any temperature. Figure adopted from [5]. 
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As the temperature is lowered further, the inversion symmetry becomes broken. 

Here, at lower temperatures, the unit cell elongates and a double-well potential is developed 

for the Ti atom, with minima positioned near the opposing ends of the long axis of the O 

octahedron, as indicated in Figure 1.3c. For SrTiO3 with 18O isotope, a ferroelectric 

transition occurs at T = 23 K [16]. The Ti atom spontaneously displaces toward one of 

these minima, resulting in a nonzero dipole moment within the unit cell. Similarly, by 

growing thin films of SrTiO3 under a substrate-induced tensile strain, such ferroelectric 

effect could be observed even at room temperature [17,18]. 

Although SrTiO3 is, intrinsically, a band insulator, by doping it with Nb, it can be 

made conducting [19]. At very low temperatures, around T ∼ 300 mK, the gauge symmetry 

becomes broken and the doped SrTiO3 becomes a superconductor [20], as shown in Figure 

1.3d. Finally, breaking of the rotational symmetry in spin space, which typically results in 

FM, has never been observed in bulk SrTiO3 at any temperature. Therefore, bulk SrTiO3 

does not exhibit magnetism at any temperature. Thus, as demonstrated by the various 

examples above, control over symmetry breaking in a single material could lead to the 

formation of multiple new electronic and structural phases. 

Recent advances in the epitaxial synthesis techniques have created a powerful 

platform to engineer novel states at the heterointerfaces between materials. 

Heterointerfaces (or simply interfaces) are the boundaries between two different materials, 

wherein different structural, electronic and magnetic phases of the constituent materials 

interact and compete with each other, possibly giving rise to new unexpected electronic 

phenomena. Different symmetry constraints are often utilized during the synthesis to 

reconstruct the charge, spin and orbital states at the interfaces, thus designing structures 



 

6 

 

that exhibit phenomena differed from those of the bulk constituents. Interfacial 

ferromagnetism [21,22], interfacial superconductivity [23,24], magneto-electric coupling 

[25-27], and the quantum Hall effect [28,29] in oxide heterostructures are some of the many 

examples illustrating novel phenomena in this advancing field. At the interface, where the 

inversion symmetry is broken by the structure itself and the two-dimensionality usually 

increases the effects of the electron correlations by reducing their kinetic energy, these two 

phenomena yield many novel effects and functionalities that cannot be achieved in the bulk 

state. 

1.3 Surfaces 

The simplest form of an interface is the interface that the material makes with 

vacuum – the sample surface. In surface science, various types of atomic reconstruction 

may occur at the surface due to the broken symmetry, which often leads to a different 

crystalline symmetry compared to that of the bulk. This could, in turn, lead to different 

electronic ground states. The perovskite structure of complex transition-metal oxides can 

adjust to this asymmetry in different ways, such as by rumpling the surface atomic plane 

or through the rotation of the oxygen octahedra. For example, surface relaxation and thus 

surface rumpling, has been observed at the surfaces of non-polar SrTiO3 [30] and polar 

LaNiO3 [31] due to the polarity compensation that occurs as a result of the broken 

symmetry at the material-vacuum interface. Similarly, as an example, oxygen octahedral 

rotations have been observed in the Ruddlesden-Popper layered superconductor Sr2RuO4, 

which is also believed to be the reason for its induced local ferromagnetic ground state 

[32]. The new surface states are the consequence of the broken translational symmetry. 

Structural changes at the surface may also lead to the modifications of the electronic states. 
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By assuming periodic boundary conditions, i.e. considering the crystal wraps onto itself 

like a torus and its electrons see a never-ending periodic lattice, Bloch’s theory can very 

effectively describe the bulk states. But, for real systems, at the crystal surfaces where the 

translational symmetry is broken, surface states may appear within the band gap of both 

insulating and semiconducting materials. A well-known example of this effect is the 

topological insulator [33]. 

In some ways, similar to the surfaces producing new effects that modify the bulk 

states of a material, the interfaces between TMOs can give rise to new tunable phenomena 

that are not observed in the constituent oxides. 

1.4 Interfaces in heterostructures 

Interface is the perfect symmetry-breaking tool. When two complex oxides are 

brought together, a number of interesting phenomena could arise at their interface due to 

the changes occurring in the interactions between the charge, spin, orbital, and lattice 

degrees of freedom. The most basic effect occurring at an interface is the symmetry 

breaking, which leads to the modification of the electronic and structural properties, as 

discussed in Section 1.3 (in the context of the surfaces). One of the major differences 

between a surface and an interface is that the interface allows charge transfer to take place. 

In complex oxide heterostructures, this phenomenon can modify the doping levels of the 

layers, thus inducing new electronic phases at interfaces. 

Furthermore, epitaxial strain generated at the interface between two materials with 

different lattice parameters has become a standard method for controlling lattice 

distortions. The atomic structure at a heterointerface responds to the strain mismatch 

through relaxation of the interatomic bond distances and intra-atomic degrees of freedom, 
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such as the O octahedral rotations or size deformations. As shown in the example in Figure 

1.4, the new atomic arrangement at the interface between a metallic ferromagnet 

La2/3Ca1/3MnO3 (LCMO) and a high-temperature cuprate superconductor YBa2Cu3O7−x 

(YBCO) influences the electronic degrees of freedom and stabilizes new ground states at 

the interfaces [4]. 

In the next section, we discuss in detail one the most interesting and potentially 

applicable interfacial phenomena observed in the heterojunctions of oxides with different 

magnetic, electronic, orbital, and structural properties – emergent interfacial magnetism. 

1.5 Interfacial Magnetism 

Among the interfaces of complex metal oxides, heterostructures involving 

perovskite manganites perfectly illustrate the importance of interfacial phenomena due to 

their potential for generating new types of magnetoelectric coupling at the interfaces. Here, 

Figure 1.4 An illustration demonstrating the effects that occur due to complex interplay 

between charge, spin, orbital and lattice degrees of freedom at a coherently-strained 

interface between the ferromagnetic La2/3Ca1/3MnO3 and superconducting YBa2Cu3O7−x. 

The figure is reproduced from [4]. 
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we discuss some of the most common mechanisms (including the ones schematically 

depicted in Figure 1.5), wherein exchange interactions leading to emergent magnetic 

properties can be engineered via interfacial phenomena. 

Interfacial charge transfer is one of the prevalent pathways toward realizing 

magnetic states in oxide heterostructures. Here, charge transfer occurs at an interface until 

it equilibrates the difference in chemical potentials between the carriers in the two 

materials. One way such interfacial charge transfer can be induced and controlled is by 

changing the A-site elements within the different layers while keeping the B-site transition 

metal the same. Examples of such systems include LaTiO3/SrTiO3 [34] and 

LaMnO3/SrMnO3 [35,36] heterostructures. Here, the nominal electron count on the 

transition metal is varied across an interface. If the B-site energy levels are properly 

Figure 1.5 Schematic diagram demonstrating some of the electronic and structural 

mechanisms leading to interfacial magnetism. Figure adopted from [3]. 
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aligned, charge leakage across the interface can occur. Such charge transfer causes the 

interfacial region to extend over a few unit cells (around 1–3 unit cells) and have a different 

electron count from the bulk values of the two parent materials. Whereas in the 

ABO3/A’BO3 systems charge leakage occurs between the B-cations with different 

valences, in the AB’O3/ABO3 interfaces (e.g. LaNiO3/LaMnO3 or LaTiO3/LaMnO3) and 

the A’B’O3/ABO3 interfaces (e.g. SrTiO3/LaMnO3), the nature of the charge leakage, if 

present, is not straightforward and should be inferred through experiments. 

When pseudocubic perovskite films are grown on pseudocubic perovskite 

substrates, epitaxial strain can alter the BO6 bonding environment in the films. This results 

in the BO6 octahedral distortions and rotations that are different from those found in the 

equivalent bulk compounds. As recognized, magnetic properties of perovskites strongly 

depend on the B-O lengths and the B-O-B angles [37,38]. Thus, by modifying these 

parameters through engineered octahedral distortions and rotations, magnetism in oxide 

films can be induced and tuned. Mixed-valence manganites, such as La(1−x)SrxMnO3 and 

La(1−x)CaxMnO3, could be used as model systems to investigate the mechanisms of how 

epitaxial strain can alter magnetism. 

Strain-induced changes in the magnetic properties of manganites are mainly driven 

by two mechanisms – through the modification of B-O bond lengths / B-O-B bond angles 

and through the creation of orbital polarization favoring occupancy of either the dx2−y2 or 

d3z2−r2 orbitals. Generally, in perovskites, since the eg orbitals are pointed towards the O-

2p orbitals, they will have a relatively high energy compared to that of the t2g states. The 

energies of the eg orbitals could be further modified via the changes in the B-O bond 

lengths. For example, tensile epitaxial strain, which extends the in-plane B-O bonds and 
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contracts the out-of-plane B-O bonds, will reduce the energy of the dx2−y2 orbitals relative 

to the d3z2−r2 orbitals, leading to an enhanced occupation (referred to as ‘orbital 

polarization’) of the dx2−y2 states. Similarly, compressive strain will produce a d3z2−r2 orbital 

polarization. Experimentally, the resulting orbital polarizations could be probed using x-

ray linear dichroism (XLD). It has been found experimentally that both compressive and 

tensile strain states tend to suppress TC in La0.7Sr0.3MnO3 (LSMO) [39,40]. In agreement 

with theoretical work, this strain dependence of TC was modeled by considering the effects 

of lattice distortions on the Jahn-Teller splitting and the electron hopping amplitude. With 

increased Sr (or Ca) composition, the orbital polarization induced by strain starts to affect 

the ground state of manganite films.  

Another notable study produced a phase diagram of the magnetic ordering as a 

function of strain and composition for strained La(1−x)SrxMnO3 films [41]. Here, orbital 

occupancy was altered to tailor the spin structure. Such strain-induced magnetic transitions 

are not only limited to manganite films. For example, EuTiO3, when grown on different 

substrates, exhibits a transition between FM and AF orderings [42]. Another interesting 

system - LaCoO3, which lacks an ordered magnetic ground state in its bulk form, exhibits 

a strain-induced paramagnetic-to-FM transition with a TC of ∼85 K [43].  

In addition to magnetism, strain could also be used to modify other functional 

properties in thin films [44-46]. We discuss a novel method for inducing and controlling 

oxygen-vacancy content in CaMnO3 thin films in Chapter 4 of this thesis. 

Depending on the magnitude of the lattice mismatch, perovskite films can remain 

coherently strained for up to several tens of unit cells [47,48]. In addition to strain, 

interfacial structural coupling and the resulting orbital reconstructions is another 
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mechanism that can influence the electronic and magnetic properties of thin films, even 

though the length scale associated with such coupling is shorter compared to the length 

scales typically associated with strain. Along these lines, a symmetry mismatch or a 

difference in the magnitudes of octahedral rotations and tilts at a coherent heterointerface 

may alter local atomic structure. For example, as a result of interfacial structural coupling, 

oxygen octahedral rotations at a perovskite heterointerface could be induced of modified 

in order to maintain the corner connectivity of the BO6 octahedra across the interface. 

Similar to such structural interfacial coupling, the orbital behavior at an oxide 

interface could also be modified. This phenomenon, in which the surface or interfacial 

orbital occupancy differs from the bulk region of a material, is referred to as ‘orbital 

reconstruction’. Antiferromagnetic (AFM) BiFeO3 coupled with ferromagnetic (FM) 

La0.67Sr0.33MnO3 in an epitaxial heterostructure (BFO/LSMO) is a prototypical example of 

such system. Experiments revealed the presence of a FM moment on the interfacial Fe 

cations in BFO, at temperatures less than ∼100 K, which were coupled 

antiferromagnetically to the magnetization direction of LSMO due to orbital reconstruction 

[49]. 

Interfacial magnetic phenomena could also arise in the (ABO3)/(AB’O3) 

superlattices due to the two-dimensional confinement of carriers. As an example, we here 

consider LaNiO3, which is a paramagnetic metal in the bulk form [50]. Although no 

magnetic ordering is observed in the (LaNiO3)n/(LaAlO3)n superlattices with n = 3 and 4, 

for n = 2 superlattices an AFM state is observed with TN = 50 K [51]. 

Presence of extrinsic defects, such as oxygen vacancies, local non-stoichiometry, 

and cation intermixing at real interfaces could also play a significant role in the magnetic 
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behavior of a given material. For instance, due to the fact that magnetic ordering is sensitive 

to the B-site valence state, presence of oxygen vacancies or cation non-stoichiometry could 

induce or alter magnetic behavior in thin films. As an example, LaMnO3, which has a 

strong tendency for having cation vacancies, is an A-type antiferromagnet when 

stoichiometric. However, FM ordering is induced when the LaMnO3 cation non-

stoichiometry reduces the Mn valence state [52]. 

Oxygen vacancies could also modify the magnetic state by altering the B-site 

valence. Although oxygen vacancies reduce the B-site cation to form an unfavorable 

valence state (e.g. Fe4+, Co4+, Ni3+), epitaxial strain can provide a driving force as well as 

a stabilization mechanism for such vacancy formation. Oxygen vacancies are strongly 

coupled to the lattice, inducing changes to the B-O bond lengths as well as the unit-cell 

volume. For example, in La0.5Sr0.5CoO3−δ films, ordered oxygen vacancies function as a 

mechanism for strain relaxation [53,54]. The relationship between strain and vacancy-

formation energy has also been investigated by using computational techniques. Density 

functional theory (DFT) calculations for strained CaMnO3 films reveal a reduction in the 

formation energy for oxygen vacancies and predict energetically-favorable vacancy 

ordering under tensile strains [55]. In this thesis, we establish a direct experimental link 

between the coherent in-plane strain and the oxygen-vacancy content in CaMnO3 via a 

combination of high-resolution soft x-ray absorption spectroscopy and bulk-sensitive hard 

x-ray photoemission spectroscopy (see Chapter 4, as well as Ref. [56]). 

Depth-dependent compositional variations in thin-films could also lead to changes 

in the magnetic properties at surfaces and interfaces, as compared with those of the bulk-

like regions. For example, surface segregation of Sr and Ca cations in La1−xSrxMnO3 [57] 
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and La1−xCaxMnO3 films, respectively, has been previously reported in the literature [58]. 

Various compositional variations could also arise due to the vacancies accumulation near 

the interfaces. For example, accumulation of oxygen vacancies in the near-interfacial 

region of La1−xSrxCoO3−δ films on SrTiO3 substrates is believed to be the leading cause for 

the magnetic phase separation observed at this film/substrate interface [59]. Accumulation 

of oxygen vacancies has also been reported at the LSMO/SrRuO3 interfaces [60] – a system 

that exhibits interfacial magnetic coupling between the Mn and Ru cations [61]. Some 

forms of cation intermixing that lead to the emergence of interfacial magnetism can be 

detected and quantified using techniques, such as STEM-EELS and x-ray diffraction 

[62,63]. 

Intermixing and interfacial roughness could also depend on the specifics of the 

interfacial termination, producing asymmetries in the electronic and magnetic structures of 

A/B and B/A interfaces [64,65]. Since intermixing and roughness can alter local valence 

state of the B-site cations at an interface, these effects could thus induce interfacial 

magnetic phenomena. For example, density functional theory calculations suggest that in 

the BFO/LSMO system the presence of Fe/Mn cation intermixing at the interface induces 

formation of a net interfacial magnetic moment in BFO that is not energetically favorable 

at the atomically-abrupt interfaces [66]. 

The above-mentioned emergence mechanisms illustrate the complexity of 

transition-metal-oxide interface systems and motivate the need for extensive electronic-

structural characterization, using both local and depth-resolved spectromicroscopic probes 

(in combination with conventional magnetic and electronic transport characterization) to 

fully elucidate the origins of emergent magnetic behavior in TMO heterostructures. 
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1.6 Thesis outline 

 In Chapter 1 we briefly introduced the materials investigated in this thesis, complex 

transition-metal oxides, and discussed the unique importance of these materials both from 

the fundamental scientific and applied perspectives. We briefly discussed how novel 

electronic properties can emerge at the surfaces and interfaces due to symmetry breaking, 

with SrTiO3 being an archetypal example of a material hosting such phenomena. Lastly, 

we introduced one of the central interfacial phenomena in the context of this thesis, 

emergent interfacial magnetism, and discussed various electronic and structural factors 

involved in the stabilization and control of the magnetically-ordered phases at oxide 

interfaces. 

 In Chapter 2 we briefly overview the main experimental x-ray techniques that were 

utilized in the studies described in this thesis: x-ray photoelectron spectroscopy (PES) and 

x-ray absorption spectroscopy (XAS). We discuss various modalities of PES, such as the 

hard x-ray photoemission spectroscopy (HAXPES) and standing-wave excited x-ray 

photoelectron spectroscopy (SW-XPS), which are relatively new techniques, adding depth-

sensitivity and resolution to conventional PES [67,68]. Next, we provide a brief overview 

of synchrotron radiation and discuss, in detail, the experimental facilities that were utilized 

to carry out the experimental work described in this thesis. These facilities include various 

beamlines and endstations at the Advanced Light Source (LBNL, USA), Swiss Light 

Source (PSI, Switzerland), and SPring-8 (Japan). 

 In Chapter 3 we discuss the details of the spectroscopic analysis techniques used to 

treat the experimental data described in this thesis, including the baselines used to 
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normalize the spectra, lineshapes used for the peak fitting, as well as the various software 

packages and codes that were used to carry out more advanced data analysis. 

 In Chapter 4 we report the results of a study in which we have investigated the 

effects of epitaxial strain on the oxygen vacancy concentration in CaMnO3 thin films. In 

this study, a set of single-crystalline CaMnO3 thin-films under systematically-varying 

coherent epitaxial strain was synthesized using atomic layer-by-layer laser molecular beam 

epitaxy (ALL-laser MBE). Polarization-dependent x-ray absorption spectroscopy in-

tandem with the bulk-sensitive HAXPES were then utilized to investigate the systematic 

dependence of oxygen-vacancy concentration on applied in-plane tensile strain. The 

experimental results were verified and interpreted using a combination of first-principles 

ab-initio theory and atomic core-hole multiplet calculations. 

 In Chapter 5 we investigate the effects of oxygen-vacancy concentration on the 

metal-insulator transition (MIT) in ultrathin LaNiO3 thin films. For this study, single-

crystalline epitaxial LaNiO3 films with systematically-varying thicknesses and surface 

terminations were synthesized using ALL-laser MBE. Polarization-dependent soft x-ray 

XAS with x-ray linear dichroism (XLD) was then utilized to investigate the effects of 

thickness, atomic termination, and oxygen vacancies on the electronic structure and the 

MIT. 

 In Chapter 6 we investigated how the complex interplay between the electronic 

properties of two different complex-oxide systems gives rise to the emergent phenomena 

and functionalities at the interface. Our model system was LaNiO3/CaMnO3 – a 

heterostructure wherein the interaction between constituent layers, paramagnetic LaNiO3 

and antiferromagnetic CaMnO3 gives rise to emergent interfacial ferromagnetism [69]. In 
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our study, we combined SW-XPS and XAS to probe the depth-dependent evolution of the 

electronic properties in a [LaNiO3 (4 u.c.)/CaMnO3 (4 u.c.)]15 superlattice. Elemental 

standing-wave rocking-curve analysis, supported by XAS, suggested presence of Mn and 

Ni in different oxidation states, which was shown to be the possible origin of the interfacial 

ferromagnetism. 

 Finally, in Chapter 7 we present some concluding remarks on the experimental 

work described in this thesis and discuss some possible future directions and how this work 

can be extended further with the advances in material synthesis and x-ray spectroscopic 

techniques. 
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CHAPTER 2  

 

 

X-RAY SPECTROSCOPIC TECHNIQUES AND INSTRUMENTATION  

 

 

2.1 X-rays 

 X-rays, typically defined as electromagnetic radiation with energies spanning the 

range between 100 eV and 100 keV, are used in many different fields and for a wide variety 

of applications. X-ray photon energy, as postulated by Albert Einstein in 1905, can be 

determined using E = hc/λ [1], where h is the Planck constant, c is the speed of light in 

vacuum, and λ is the wavelength [2]. Depending on its photon energy, x-ray radiation is 

typically categorized as soft, tender, and hard. Soft x-rays are typically defined to span the 

energy range between 100 and 2000 eV, while the tender and hard x-rays reside between 

2 - 4 keV and above, respectively [3,4]. It should be noted that the tender x-ray regime was 

defined later on (1980s), as an intermediate range between the soft and hard x-rays. 

Depending on their energies, different types of x-ray radiation can have various types of 

interactions with materials. Generally, x-rays with higher energies have higher penetration 

depths [5,6]. 

2.2 Photoemission Spectroscopy (PES) 

 Photoemission spectroscopy in its simplest form is typically used to determine the 

kinetic energies of the photoelectrons emitted as a result of the interaction of x-rays with 

matter [7]. In angle-resolved photoemission spectroscopy, the orthogonal momenta 

components of the emitted electrons could also be measured due to the momentum 

conservation principles [8]. The energy and momentum information, in-tandem, provides 
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important insights into the material’s elemental and chemical composition as well as the 

electronic band structure (energy-momentum dispersion) [7,9]. 

 Photoemission spectroscopy is based on the photoelectric effect, which was first 

observed by Heinrich Hertz in 1887 [9] and later explained by Albert Einstein in 1905 [1]. 

Photoelectric effect is a quantum-mechanical phenomenon wherein the electrons are 

emitted from the surface of a material upon interaction with light, typically in the 

ultraviolet and higher-photon-energy regimes. The electrons emitted in this manner are 

called photoelectrons. In 1905, Albert Einstein was able to explain the photoelectric effect 

rigorously using the light quantum hypothesis, inspired partially by Max Planck’s 

theoretical treatise of the Black-body radiation [1]. For his explanation of the photoelectric 

effect, Einstein received the Nobel Prize in 1921. 

Instead of describing light as a classical electromagnetic wave, Einstein considered 

light as a flow of energy quanta, or photons, which hold a specific quantized amount of 

energy (𝐸) proportional to the Planck constant (ℎ) and the frequency (𝜈) of the light, such 

that 𝐸 = ℎ𝜈. According to Einstein’s theory, for light with a frequency greater than a 

particular threshold frequency, there should be sufficient energy for it to eject an electron 

from the surface of a metal. From the conservation of energy principles, and taking into 

account finite binding energy of the electron in a solid, the ejected photoelectron will leave 

the sample with a kinetic energy (𝐸𝑘𝑖𝑛), given by, 

 𝐸𝑘𝑖𝑛 = ℎ𝜈 − 𝐸𝑏𝑖𝑛 − ՓS (1) 

where ℎ𝜈 is the energy of the exciting photon, 𝐸𝑏𝑖𝑛 is the binding energy of the electron in 

the solid (conventionally measured with respect to the Fermi level, rather than the vacuum 

level), and ՓS is the work function of the solid. The material-specific work function 

https://en.wikipedia.org/wiki/Electron
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describes the minimum kinetic energy a photoelectron needs to overcome the surface 

potential, and for most metallic samples it is on the order of ~5 eV. The work function 

arises due to the fact that, as an electron is leaving the surface of the material, it is attracted 

by its positively-charged mirror-image charge produced by the rearrangement of remaining 

surface charges. This image potential is the reason why the free electrons do not ‘leak’ 

from the surfaces of metals. While the above mentioned image-charge force is negligible 

Figure 1.1 Schematic illustrating the principle of photoelectron spectroscopy (PES). More 

details are provided in the text. 
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at distances of more than 100 Å, one typically needs electric fields of about 100 MeV/m to 

remove free electrons from metallic surfaces with typical work functions of 5 eV [10]. In 

thermionic emission, the valence electrons obtain enough thermal energy to overcome this 

work-function barrier and boil off [11]. 

 Figure 2.1 schematically illustrates the PES process in the framework of the three-

step process of photoemission. Within this model, the photoelectric effect can be explained 

as three independent steps: 

1. Excitation of an electron from the initial state to the final state 

 During this step, the electron within a solid absorbs energy of hv from the photon, 

and is excited from the valence-band (EBind1) or a core-level (EBind2) bound state to an 

excited state in the conduction band. 

2. Transport of the excited electron through the sample to the surface of the material 

 The excited electrons then travel through the material and toward the sample 

surface.  On their way to the surface, some of the electrons undergo inelastic scattering 

collisions, producing secondary electrons with lower kinetic energies. Due to their lower 

kinetic energies, according to the law of conservation of energy, the secondary 

photoelectrons will contribute to the spectral weight on the higher-binding-energy side or 

the spectrum. This is the origin of the inelastic background typically observed in the PES 

spectra. 

3. Escape of the electron from the surface of the material to the vacuum 

 When the photoelectron reaches the surface of the solid it must overcome the 

work function, Փ, defined by 
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 Փ = 𝐸𝑉 − 𝐸𝐹 (2) 

where,  𝐸𝑣 is the vacuum energy and EF is the Fermi energy inside the material. Here 𝐸𝑣 =

−𝑒𝑉𝑉 and 𝐸𝐹 = −𝑒𝑉, where 𝑒 is the charge of the electron, 𝑉𝑣 is the potential produced in 

the vacuum, and 𝑉 is the potential at the surface. While Փ is a material-specific constant, 

EF (= -eV) could be altered by applying voltage 𝑉 to the material surface. Therefore, if 

voltage ( 𝑉) is applied to a material surface, the vacuum potential 𝑉𝑣 produced in the 

vacuum will be somewhat lower than that applied voltage 𝑉, depending on the work 

function (Փ) of the material surface, as follows 

 
𝑉𝑣 = 𝑉 −

Փ

e
 

(3) 

 After the three steps describing the photoelectric effect are completed, the detection 

of the emitted photoelectrons could, in principle, be considered as the 4th step. The fact 

that 𝑉𝑣 depends on the specific material surface means that a space between two dissimilar 

conductors could have two different vacuum potentials immediately above the two surfaces 

and, thus, a built-in electric field, even when the conductors are in equilibrium with each 

other (both electrically and thermally). Therefore, as shown in Figure 2.1, the vacuum 

energy outside the sample,  𝐸𝑉/𝑆 , is different than the vacuum energy outside the analyzer, 

 𝐸𝑉/𝐴 , even though the sample and the analyzer are in Ohmic contact, which causes their 

Fermi levels to align with each other. 

After the photoelectrons enter the vacuum, their kinetic-energy distribution is 

measured by the electrostatic analyzer. As depicted in Figure 2.1, by considering the 

lengths of the arrows in the schematics, the relation between the kinetic energy distribution 

https://en.wikipedia.org/wiki/Fermi_level
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of the photoelectrons detected by the analyzer  𝐸𝑘𝑖𝑛/𝐴  and the energy-levels in a solid 

sample  𝐸𝐵𝑖𝑛  can be written as follows: 

  𝐸𝑘𝑖𝑛/𝐴 = ℎ𝜈 − 𝐸𝐵𝑖𝑛 − ՓA (4) 

 In this equation, it is important to note that the kinetic energies of the photoelectrons 

are measured by the spectrometer and the binding energies, which are measured with 

respect to the Fermi energy, depend on the work function of the analyzer (ՓA), and not the 

sample (ՓS). 

 Photoelectron spectroscopies are usually categorized into three interrelated 

techniques, according to the photon energies of the exciting electromagnetic waves. 

Ultraviolet photoelectron spectroscopy (UPS) is typically used to probe the valence-band 

electronic structure of materials using photons with energies ranging for from a few eV to 

a few hundred eV. X-ray photoelectron spectroscopy (XPS) uses x-rays that span an energy 

range from a few hundred to around two thousand eV. Finally, the hard x-ray photoelectron 

spectroscopy (HAXPES) uses x-rays with energies of several keV to probe bulk electronic 

structure. 

2.2.1 Ultraviolet photoelectron spectroscopy (UPS) 

 UPS is a spectroscopic technique what utilizes photons in the ultraviolet and part 

of the soft x-ray energy range from approximately 10 to 200 eV. As shown in Figure 2.2, 

in this regime, typically the weakly-bound valence electrons are probed, as well as some 

shallow-lying core-level states, which are usually strongly affected by bonding. Therefore, 

UPS is typically utilized for the energy-dispersive analysis of the photoelectrons emitted 

from the valence-band manifold, which probes the valence electronic states at the near-
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surface region of the sample, which are largely responsible for the electronic properties of 

the sample. While the laboratory-based UPS systems typically utilize radiation sources 

with fixed photon energies, such as He Ι (21.1eV) and He ΙΙ (40.8 eV) gas discharge lamps, 

for the UPS experiments carried out at the synchrotron sources the photon energy as well 

as polarization could be tuned. 

By probing the kinetic energies of the emitted photoelectrons one could also obtain 

information about the components of the photoelectron momentum which are parallel to 

the sample surface and are, thus, conserved. Such surface-parallel components of the 

electron wave vector (momentum) will be related to the kinetic energy and the polar 

photoelectron take-off angle and could, therefore, be mapped out using an analyzer with a 

two-dimensional electron detector. Such measurement typically yields a three-dimensional 

dataset (kx, ky, EB), which contains all the information about the valence-band electronic 

structure and the Fermi surface for a given sample. Such angle-resolved measurements are 

usually referred to as the angle-resolved UPS (ARUPS) or ARPES. Due to the fixed 

resolving power of the analyzer (e.g. E/ΔE = 30,000), ARPES at lower photon energies, 

Figure 2.2 Comparison of UPS, XPS and HAXPES. 
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such as in the UPS regime, yields superior energy and momentum resolutions but is 

extremely surface-sensitive. In order to enhance bulk-sensitivity (at the expense of 

resolution), ARPES in the soft- as well as hard x-ray energy regimes have recently emerged 

as promising new techniques for probing true bulk- and interface-sensitive momentum-

resolved electronic structure [12-16]. 

2.2.2 X-ray photoelectron spectroscopy (XPS) 

 In XPS, due to the higher excitation energies (typically, few hundreds to two 

thousands eV) most core-level states for lighter elements could be accessed and, thus, the 

information on the sample chemistry could be extracted. It is due to this immediate 

practical applicability that XPS was originally named electron spectroscopy for chemical 

analysis, or ESCA [17]. 

Since each elemental orbital has a specific binding energy, by examining the 

binding energies of the peaks in the XPS spectrum, one can directly determine the 

elemental composition of the sample. In addition, by comparing the relative XPS peak 

intensities for each elemental XPS core levels, one could also determine the chemical 

composition of a given sample. Finally, chemical shifts of the principle peaks in the core-

level spectra could be used to determine the valence-states and the types of bonds between 

the atoms in the sample under investigation [17]. 

Chemical bonds between atoms or ions arise due to the distribution of the valence 

electrons among the constituent atoms. While in the covalent compounds the electrons are 

shared between the atoms, in the ionic compounds there is a significant electron transfer 

from one atom to another. These phenomena will manifest themselves in the binding-

energy shifts of the core-level peaks observed in XPS. For anions, such as O, the 1s core-
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level spectrum will typically have several components at distinct binding energies. That is, 

the photoelectrons emitted from the electron-rich environments (more ionic and thus more 

electrostatic repulsion) will appear at lower binding energies, while the photoelectrons that 

originate from the electron-shared environments (more covalent and thus less electrostatic 

repulsion) will appear at higher binding energies [18,19]. Similarly for cations, elements 

in higher oxidation states will have their core-level peaks appear at higher binding energies, 

due to the reduction in the electron count within their immediate neighborhood (less 

electrostatic repulsion between the ejected electron and the remaining electrons) and vice-

versa. Chemical shifts can be detected with resolutions on the order of tens of meV using 

third-generation synchrotron sources. 

2.2.3 Hard x-ray photoelectron spectroscopy (HAXPES) 

Hard x-ray photoelectron spectroscopy, or HAXPES, is a high-energy modality of 

x-ray photoelectron spectroscopy, wherein multi-keV x-rays are utilized with the goal of 

increasing the probing depth of the measurement, as well as accessing additional 

information regarding the chemistry of the sample via the excitation of deeper-lying core 

levels [20]. The bulk-sensitivity of HAXPES arises due to the fact that photoelectrons with 

higher kinetic energies will have longer inelastic mean-free paths (IMFP) and, thus, will 

travel farther within a solid [21]. Thus, more of the signal originating from the bulk will be 

detected by the analyzer, increasing the overall weight of the bulk-like properties in the 

recorded spectrum. Both synchrotron-based and lab-based HAXPES has been used widely 

to probe bulk- and interface-sensitive electronic structure of various material systems. 
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2.2.4 Standing-wave x-ray photoelectron spectroscopy (SW-XPS) 

In SW-XPS, specific experimental geometries and photon energies are utilized to 

enhance depth-sensitivity and add depth-resolution to the measurement by tailoring the 

intensity profile of the x-ray electric field within a sample [22]. Although in its original 

form, standing-wave (SW) spectroscopy utilized hard x-rays to generate standing-waves 

within a sample via Bragg reflections from crystalline planes [23], soft x-rays (with longer 

wavelengths) could also be used in conjunction with a synthetic multilayer sample (as 

shown in Fig. 2.3), which acts as SW generator [24,25]. 

As mentioned above, for soft x-ray standing-wave photoemission studies, the 

sample should be grown as (or on top of) of a multilayer/superlattice with repeating 

periods, as shown schematically in Figure 2.3. To generate a SW with sufficiently high 

intensity modulations, it is necessary that the x-ray optical constants of the two constituent 

materials of the superlattice have sufficient contrast at the photon energy of the incident x-

ray excitation. Since the non-resonant x-ray optical constants are directly related to the 

atomic number of the given atom, as a general rule, two materials with high atomic-number 

contrast are ideally suited for the standing-wave generator multilayers. Typical examples 

of such multilayers include B4C/W and Mo/Si superlattices [26-28]. 

Given a suitable multilayer sample, the incidence angle of the x-rays, 𝛳𝑖𝑛𝑐 is 

typically tuned to satisfy the first-order Bragg condition, such as  

 𝑠𝑖𝑛𝛳𝑖𝑛𝑐 =  𝜆𝑥/2𝑑𝐵𝐿 (5) 

where 𝜆𝑥 is the wavelength of the x-ray excitation and 𝑑𝐵𝐿 is the period of the multilayer 

(or bilayer thickness). When 𝛳𝑖𝑛𝑐 satisfies the above equation, 𝛳𝑖𝑛𝑐 = 𝛳𝑏𝑟𝑎𝑔𝑔, where 

𝛳𝑏𝑟𝑎𝑔𝑔 is the first-order Bragg angle, a SW is generated inside the multilayer, which has a 
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period roughly equal to 𝑑𝐵𝐿. In this experimental geometry, soft x-ray reflectivity 

measurements could be utilized to verify the value of the 𝛳𝑏𝑟𝑎𝑔𝑔. 

Typically, after verifying the experimental value of 𝛳𝑏𝑟𝑎𝑔𝑔 , which could 

sometimes be affected by the sample manipulator calibration, the x-ray incidence angle is 

scanned through the Bragg angle in small finite steps. This changes the phase of the 

standing wave within the sample, effectively translating it vertically through the multilayer. 

At each such step (angle), the PES spectra of elemental (core-level) orbitals are recorded, 

thus providing depth-resolved information. The total PES intensity (area under the XPS 

curve) for each of the core-levels could then be plotted as a function of the x-ray incidence 

angle. Such measurement is referred to as the ‘standing-wave rocking curve’ or “standing-

wave PES yield curve”. The resultant rocking curves could be modeled and fitted using x-

Figure 2.3 Schematic diagram illustrating the principle of SW-XPS. More details are given 

in the text. 
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ray optical codes [29], in order to extract depth-resolved chemical and electronic 

information about the sample.  

Additional interference effects due to the multiple reflections of the x-rays from the 

top and bottom surfaces of the multilayer generate modulations called the “Kiessig 

fringes”. The Kiessig fringes maxima appear at the angles, 𝛳𝐾𝑖𝑒𝑠𝑠𝑖𝑔 as determined from,  

 𝑆𝑖𝑛𝛳𝐾𝑖𝑒𝑠𝑠𝑖𝑔 =  m𝜆𝑥/2𝑑𝑀𝐿 (6) 

where, 𝜆𝑥 is the wavelength of incident x-rays, 𝑑𝑀𝐿(= 𝑁𝑑𝐵𝐿) is the total multilayer 

thickness of the sample, N is the number of bilayer repeats in the multilayer, and m is the 

order of the interference peak. 

In addition to varying the x-ray incidence angle, one could also carry out the SW 

experiment at a fixed incidence angle by varying the photon energy across the Bragg 

condition. While we did not use this methodology in this thesis, prior studies that describe 

this technique in detail could be found elsewhere [30]. Additional details regarding SW-

XPS could be found in Chapters 3 and 6. 

2.3 X-ray Absorption Spectroscopy (XAS) 

 XAS is a powerful core-level spectroscopy for studying electronic and magnetic 

structure of materials. Soft x-ray XAS has been particularly successful in the studies of the 

transition-metal compounds due to the convenient energies of the transition-metal L 

absorption edges. In XAS, a core electron is excited to an unoccupied valence state near or 

above the Fermi level by absorbing an x-ray photon. This state can then relax through the 

emission of a photon (a process known as x-ray fluorescence), or through the emission of 

photoelectrons, Auger electrons, as well as cascades of lower-energy secondary electrons. 
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Thus, in addition to yielding information regarding the energies of the core-levels, XAS 

also probes the unoccupied density of states of the system. 

An XAS spectrum is typically obtained by tuning the x-ray photon energy across 

an absorption edge in order to reach a range of unoccupied dipole-transition-allowed 

conduction-band states. Thus, the intensity of the resultant XAS spectrum is proportional 

to the total number of unoccupied states. Because the excitation does not occur until the 

photon energy is high enough for the core electron to reach the Fermi level, the absorption 

will strongly increase at such threshold energy, leading to the appearance of an ‘absorption 

edge’. Since XAS measures absorption of a system as a function of the incident photon 

energy, this technique can only be used at synchrotrons, where the photon energy of the 

incident x-ray can be continuously tuned. 

 The absorption power of a material is given by the absorption coefficient µ. This 

coefficient describes the exponential decay of the incident beam intensity when passing 

through a material and depends on many factors, such as the type of constituent atoms of 

the medium, the distribution of the atoms, the nature of bonding between the atoms, 

polarization and wavelength of the exciting x-rays, etc. The value of µ at a given photon 

energy can determined using the Beer-Lambert law for linear absorption: 

 𝐼

𝐼𝑜
= 𝑒−µ𝑑 

(7) 

where Io is the incident x-ray intensity, I is the transmitted x-ray intensity, and d is the 

sampling depth. 

 In XAS, conservation of energy requires the system to increase its energy by the 

absorbed photon energy hν, as follows: 
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 𝐸𝑓 = 𝐸𝑖 + ℎ𝜈  (8) 

where Ei is the initial energy of the system and Ef is the final energy of the system. Quantum 

mechanics dictates that the probability of having an optical transition by an absorption of 

a photon from an initial state |φi> to a final state |φi> is proportional to 

 
𝑃𝑖𝑓  ∝  | ∫ 𝜑𝑓 

∗ 𝑒𝑟 𝜑𝑖𝑑𝑉 |2 
(9) 

 In XAS, the depth sensitivity depends on which decay products are 

collected/detected – photons (“fluorescence yield” or FY) or electrons (“electron yield” or 

EY). Since x-rays have a much smaller interaction cross-section in solids compared to 

electrons, the EY method is intrinsically more surface-sensitive compared to the FY 

method. The EY method could be used as the partial electron yield (PEY), wherein the 

detected electrons are filtered to a selected energy window; and the total electron yield 

(TEY), wherein all primary photoelectrons, Auger electrons, and secondary electrons that 

emerge from the sample surface are detected independent of their energy [31]. 

 Figure 2.4 shows schematically the main steps of the XAS process in the TEY 

detection mode. First, the absorption of a photon promotes an electron to an unoccupied 

state in the conduction band (a), thereby creating a core hole. The resultant core hole then 

decays via an Auger process, as depicted in (b). Figure 2.4c shows two possible outcomes 

of the Auger electron. (1) If it is emitted from an atom very close to the surface of the 

sample, it escapes the sample. Such (high-energy) emitted electrons are called primary 

Auger electrons and could be used to perform Auger electron spectroscopy (AES). (2) If 

the Auger electron originates from deeper within the sample, it will produce a series of 
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inelastic collisions resulting in a cascade of secondary electrons with energies of a few eV, 

which, due to their high count, will dominate the detected signal. Because of the fact that 

the TEY signal is comprised mostly of the secondary electrons with low kinetic energies 

(on the order of a few eV), the TEY mode is more bulk-sensitive compared to AES and 

XPS. This enhanced bulk sensitivity is observed due to the well-known upturn of the IMFP-

kinetic energy curve (a.k.a. ‘the universal curve’) for low-energy photoelectrons [32]. As 

shown in Figure 2.4 d. the TEY signal at a given photon energy is simply the sum of all 

Figure 2.4 Schematic illustrating the principle of TEY. a. Electrons are excited from the 

occupied states to the unoccupied conduction states by photon absorption and creation of 

core hole. b. Decay of core hole by Auger electron emission. c. Emitted Auger electrons/ 

photoelectrons produce low energy secondary electrons. d. Energy distribution of electrons 

contributing to total-electron-yield (TEY) signal. 
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the ejected electrons, which is equal to the total area under the curve. In this thesis, the 

TEY detection mode is used exclusively for all the XAS measurements. 

  The depth-sensitivity of XAS is can be quantified using equation (7). Sampling 

depth d, in the TEY mode is defined as the depth from which around 95% of all the 

photoelectrons are scattered by the time they reach the surface. That is about 3λ, where λ 

is the attenuation length. In our soft x-ray XAS experiments, this sampling depth was 

estimated to be approximately 5 nm. 

2.3.1 Capabilities of XAS 

 Due to the fact that various elements will have their absorption thresholds at 

different photon energies, XAS facilitates elemental specificity, which enables studies of 

the individual behavior of the separate elements in a complex system. Additionally, XAS 

spectra are sensitive to the bonding environment and exhibit considerable fine structure 

above each elemental absorption edge that is sensitive to local chemical environment.  

Another useful property of the XAS is its sensitivity to the x-ray polarization. 

Linearly polarized x-rays, with well-defined direction of the E-field polarization, will be 

preferentially sensitive to the corresponding directional chemical bonds of the atom 

selected via its absorption edge. Thus, by changing the polarization direction, useful 

information about such directional bonds can be obtained. This effect is known as the x-

ray natural linear dichroism (XNLD or XLD). Under an applied magnetic field, XLD could 

yield information regarding the antiferromagnetic ordering in a solid [33-35]. Finally, x-

ray circular magnetic dichroism (XMCD) could be used to probe the spin anisotropy in 

ferromagnetic materials [35-38]. 
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2.4 Comparison of XAS and XPS 

 In contrast to XPS, which detects ejected photoelectrons excited using x-rays with 

a well-defined fixed photon energy and the electron yield is measured as a function of the 

electrons’ kinetic energy, XAS detects electrons of all kinetic energies as a function of the 

incident photon energy. Thus, as shown in Figure 2.5 each point on an XAS spectrum (at 

a particular photon energy) can be considered as a total energy-integrated intensity of the 

XPS spectrum collected at that particular photon energy. That is, 

𝐼𝑋𝐴𝑆  = ∫ 𝐼𝑋𝑃𝑆(𝐸, ℎ𝜈)𝑑𝐸 
(10) 

In Table 2.1, we compare the features and capabilities of the XAS and XPS techniques. 

 

 

 

Figure 2.5 Relationship between XPS and XAS. 
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Table 2.1 Comparison of XAS and XPS 

 XAS (TEY) XPS 

X-ray Source Tunable-energy 

synchrotron or FEL source 

Single photon energy source 

is sufficient 

Detector Grounded wire with a 

high-resolution amp meter 

Hemispherical electrostatic 

energy analyzer or a time-of-

flight analyzer 

 

Probes Electron unoccupied levels Electron occupied levels 

Typical Signal Strength High Low 

Depth Sensitivity ~ 50 Å ~ 5-15 Å 

Magnetic Information Easily obtainable Hard to obtain 

Chemical Information Obtainable Obtainable 

Mostly used  Local symmetry Electronic configuration 
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2.5 Introduction to synchrotron radiation 

 Synchrotron radiation sources are accelerators that produce high-brilliance 

electromagnetic radiation. The key components of a typical synchrotron radiation source 

are shown schematically in Figure 2.6. First, an electron gun (e- gun) ejects electrons into 

a short linear accelerator (LINAC) via thermionic emission from a heated metal filament. 

In a LINAC, these electrons are accelerated in ultra-high vacuum. The accelerated 

electrons are then injected into a booster ring, wherein their energy is further increased 

until they attain the energy of the main storage ring. These high-energy electrons are then 

injected into the storage ring, where they are circulated in order to generate synchrotron 

radiation. The energies of the electrons in the storage ring are typically on the order of 

several GeV. The electron are thus highly-relativistic, which is important in determining 

the nature and the direction of the electromagnetic radiation that is produced. 

Figure 2.6 Schematic of a synchrotron facility demonstrating the main components. Figure 

is adapted from © EPSIM 3D/JF Santarelli, Synchrotron Soleil. 
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The electrons in the booster ring and the storage ring are required to circulate in a 

closed path, which is achieved by using bending magnets. Between the curved sections of 

the ring containing the bending magnets, the electrons propagate in straight paths (straight 

sections). In the third-generation synchrotron radiation sources, the straight sections house 

the insertion devices – wigglers and undulators. The insertion devices consist of alternating 

arrays of north-south, south-north magnet dipoles, which produce high-brilliance x-rays 

via wiggler- or undulator-type radiation [39,40]. Tangential to the insertion devices and, in 

some cases, bending magnets are the beamlines and experimental endstations, which utilize 

the emitted radiation. The number of beamlines in a storage ring depends on the size of the 

facility and the number of insertion devices / bending magnets. 

2.5.1 Advanced Light Source (Berkeley, USA) 

 

 The Advanced Light Source (ALS) is a third-generation synchrotron facility, 

located at the Lawrence Berkeley National Laboratory (LBNL) in Berkeley, California 

(Figure 2.7). While construction began in 1988, funded by the US Department of Energy’s 

Office of Basic Energy Sciences, the work was completed and first x-ray light from the 

Figure 2.7 Advanced Light Source (ALS) at the Lawrence Berkeley National Laboratory 

(LBNL) 

https://en.wikipedia.org/wiki/Berkeley,_California
https://en.wikipedia.org/wiki/California
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ALS was produced in October, 1993. At the ALS storage ring, each electron bunch within 

the electron beam contains approximately 7 billion electrons. The electron bunches are 

spaced approximately  2×10-9 sec apart, and the size of the electron beam is approximately 

0.20 × 0.01 mm. The electrons travel ~135,000 km in 0.45 sec before entering the storage 

ring. Once the electrons enter the storage ring, they perform about 1.5 million revolutions 

per second, producing a current of 500 mA with an energy of 1.9 GeV. The storage ring 

uses undulators, wigglers and bending magnets for x-ray production and is equipped with 

40 beamlines [41]. 

2.5.1.1 Beamline 4.0.2 

  

 Most of the soft x-ray absorption spectroscopy measurements described in this 

thesis were carried out at Beamline 4.0.2 (Magnetic Spectroscopy) of the Advanced Light 

source, LBNL (see Fig. 2.8). The Magnetic Spectroscopy beamline uses an elliptically 

polarizing undulator (EPU) as the insertion device and operates with a photon-energy range 

of 400-1500 eV. This EPU produces both linearly-polarized x-rays (tunable continuously 

Figure 2.8 Beamline 4.0.2 at ALS. Photograph adopted from Lawrence Berkeley National 

Lab (photo credit - Roy Kaltschmidt). 
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from horizontal to vertical), as well as circularly-polarized x-rays (both right and left). 

The resolving power, E/ΔE of the beamline and the monochromator is in the range of 5,000 

- 10,000. The flux on the sample at an intermediate photon energy of 800 eV is estimated 

at 1×1013 photons/s/0.1%BW. 

For our work, we utilized the Vector Magnet endstation [42] .Here, the x-ray spot 

size was approximately 100 × 100 μm, magnetic fields of up to 0.5 T could be applied 

in any direction, and the sample temperature can be varied between 15 - 750 K. The 

measured signal can be collected in various detection modes, such as the total electron 

yield (TEY) mode, fluorescence yield (FY) mode, and the luminescence yield (LY) 

mode [43]. More technical details regarding this endstation, as well as the beamline 

could be found in Refs. [44,45]. 

2.5.2 Swiss Light Source (PSI, Switzerland) 

 The Swiss Light Source (SLS) is a third-generation synchrotron facility, located 

at the Paul Scherrer Institute (PSI) in Switzerland (Figure 2.9). While the construction 

Figure 2.9 Swiss Light Source (SLS) at the Paul Scherrer Institute. 
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of SLS began in 1997, the ‘first light’ from the storage ring was observed in December 

2000. As of June 2009, there are 18 experimental stations and 17 operational beamlines 

(using undulators and bending magnets) at the SLS. The ring operates at an electron 

energy of 2.4 GeV and 400 mA ring current. The electron storage ring of 288 m 

circumference consists of 36 dipole magnets of 1.4-Tesla magnetic field, that are combined 

in 12 groups of three (triple bend achromat, TBA) for achromatic deflection of the electron 

beam. There are 12 linear sections between the TBAs of different lengths (3×11.5 m, 3×7 

m, 6×4 m) to accommodate the undulator magnets to generate ultraviolet and x-ray light 

of extreme brightness [46]. 

2.5. 2.1 ADRESS - X03MA 

 The ADvanced RESonant Spectroscopies (ADRESS) beamline, which was utilized 

for our study of the CaMnO3/LaNiO3 interface (see Chapter 6), is installed in the X03MA 

straight section of the SLS (Figure 2.10). This is a high-performance soft x-ray undulator 

beamline operating in the energy range from 300 eV to 1600 eV. This beamline can 

produce both circular and 0 - 180° variable linearly-polarized light. The resolving power, 

Figure 2.10 A picture of the ADRESS beamline at SLS. 
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E/ΔE at 1 keV is up to 33,000. The flux on the sample at 1 keV is up to 1013 photons/sec 

(0.01% BW)−1 with SLS running at 400 mA beam current [47]. 

While the ADRESS beamline accommodates two experimental endstations, we 

have exclusively used the soft x-ray ARPES endstation for all our work. The x-ray spot 

size on the sample for this endstation is 10 × 74 µm. Most of the scientific work at this 

beamline is focused on strongly-correlated systems (transition-metal and rare-earth 

systems) and their nanostructures. Figure 2.11 demonstrates a schematic diagram of the 

system. More detailed information could be found in Ref. [47]. 

Figure 2.11 Schematic demonstrating the vacuum system consisting of the analysis 

chamber (AC) hosting the ARPES analyzer, transfer chamber (TC) comprising of LEED, 

which facilitates to exchange samples between other chambers and load lock (LL) and a 

preparation chamber (PC) which provides access to sample preparation. 
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2.6 High-Energy Angle-Resolved X-ray Photoelectron Spectrometer for Laboratory 

(HEARP Lab) 

Hard x-ray photoemission spectroscopy measurements of the strained CaMnO3 

films, described in Chapter 4 of this thesis were carried out using a laboratory-based high-

energy angle-resolved x-ray photoelectron spectrometer (HEARP) system at SPring-8 

(Japan) [48]. 

This laboratory-based hard x-ray photoelectron spectrometer, schematically shown 

in Figure 2.12, is equipped with a monochromatized Cr Kα x-ray source, which has a 

Figure 2.12 Schematic diagram demonstrating the configuration of the HEARP Lab 

system. Figure reproduced from Ref. [48]. 
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photon energy of 5.4 keV (Figure 2.13), a wide-acceptance objective lens (Figure 2.13), 

and a high-energy version of the VG SCIENTA R4000 10KV hemispherical electron 

analyzer with a mean radius of 200 mm. The energy resolution of the HEARP system is 

0.53 eV, which was verified by the Au Fermi-edge measurements. The angular acceptance 

of the system is ±35° and the angular resolution of the system is less than 0.5°. More 

information regarding this instrument can be found in Ref. [48]. 

 

 

 

 

 

Figure 2.13 Photographs of different components of the HEARP system. a. UHV 

compatible flange mounted Cr Kα monochromatic x-ray source. b. Wide acceptance 

angle objective lens. Figure adopted from [48]. 
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CHAPTER 3 

  

 

DATA ANALYSIS METHODS 

3.1 X-ray Absorption Spectroscopy 

 The soft x-ray regime is typically considered to cover an energy range between 100 

and 2,000 eV. In this thesis, we make extensive use of soft x-ray absorption spectroscopy 

(XAS), which is perfectly suited for the studies of surfaces and near-surface interfacial 

layers in heterostructures. In this section, we discuss basic data post-processing, 

normalization, and analysis procedures used in XAS. 

 Typically, after the raw XAS spectra are imported from the beamline computer, 

they must be normalized in order to compensate for the variations in sample thicknesses, 

absorber concentrations, detector and amplifier settings, and any other technical and 

instrumental aspects/artefacts of the measurement. Appropriately normalized spectra 

could, in many cases, be compared directly with any other normalized spectra from similar 

material systems, regardless of the technical details of the experiment. 

 The XAS (TEY) raw data is typically recorded as a function of x-ray photon energy, 

which is set by the beamline monochromator. In addition to the TEY intensity spectrum 

from the sample, ITEY (E), most instruments also record the incident beam intensity profile, 

which is measured as drain current from a gold mesh located at the entrance of the analysis 

chamber, I0 (E). In order to correct for the intensity fluctuations and drift of the incident 

beam, as well as the artefacts of the upstream optics, ITEY (E) is divided by I0 (E). Next, the 

flat pre-edge region of the spectrum is brought down to zero intensity via baseline 

subtraction. This is usually done by fitting the pre-edge region with a linear function and 
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then subtracting the resultant baseline from the raw spectrum. Then, the flat post-edge 

region is normalized to the step-edge of unity. For this, several points that represent the 

continuum are typically averaged in order to account for the noise, and then the whole 

spectrum is divided by such averaged continuum intensity. As a result, a jump from the 

pre-edge region to the post-edge continuum becomes 1. An example of normalized XAS 

spectrum is shown in Figure 3.1. 

 In order to ensure that an XAS spectrum can be quantitatively compared to similar 

measurements it is necessary to perform a valid normalization. For this purpose, it is 

recommended to acquire sufficient data for the pre-edge and post-edge energy ranges. If 

feasible, as a rule of thumb for transition-metal L edges and the O K edge, it is 

recommended to acuire about 15 eV of the flat pre-edge region and about 25 eV of the 

post-edge region. For time efficiency, it is often a good idea to add several widely spaced 

steps to the beginning and end of a scan to extend the normalization range. 

Figure 3.1 A normalized Mn L edge XAS spectrum with the pre-edge at 0 and post edge 

at 1. 
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3.2 X-ray Photoelectron Spectroscopy 

 Similar to XAS, the XPS datasets require some post-processing before some of the 

valuable information can be extracted. Generally, prior to recording any detailed (high-

statistics) XPS spectra, a broad-energy-range survey spectrum, as shown in Figure 3.2, is 

measured to verify the elemental composition of the sample. This is usually done over a 

wide range of binding energies using a relatively low energy resolution, for expediency. 

After the survey spectrum is acquired, one could use it to determine the energy ranges, step 

sizes, and scan times required for the detailed high-resolution core-level and valence-band 

scans. While the survey scans often do not provide detailed information on the peak 

lineshapes, they usually contain all the necessary information for a preliminary evaluation 

of the sample, such as the binding energies of the core-level and Auger peaks. 

 Typically, as the first step, all the features in the survey spectrum are identified by 

assigning each peak to an elemental orbital. The binding/kinetic energies of most core-

level and Auger peaks can be found in numerous existing databases. In this work, we have 

mostly used the SESSA database software [1] to identify these core-level peak energies. 

Figure 3.2 Survey spectrum of CaMnO3/LaNiO3 obtained at the photon energy of 1000 eV. 
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It is important to note that, for samples containing insulating materials, the peak 

energies may appear shifted due to electrostatic charging effects [2]. When the 

photoelectrons are emitted from such samples, they will feel an electrostatic attraction due 

to the positive charge accumulation at the sample surface and will lose some of their kinetic 

energy before entering the energy analyzer. This will result in energy shifts and possible 

lineshape distortions of the peaks in the resultant XPS spectrum. In case of simple ‘rigid’ 

binding-energy offsets, the peak positions are typically calibrated so that they match the 

expected binding energies for the corresponding core-level orbitals. Usually, 

the  adventitious C 1s peak is chosen as the reference peak for such calibration, since it 

appears almost in any sample due to surface contamination [3]. The tabulated binding 

energy of the C 1s peak is 284.8 eV [4,5]. Once a high-statistics scan of the C 1s spectrum 

is obtained, it is fitted in order to determine the calibration offset (see Fig. 3.3). All the 

consecutive measurements on the sample are then corrected using the above-mentioned 

binding-energy offset. In order to neutralize the surface-charge effects during data 

acquisition, sometimes a low‐energy electron floodgun is utilized to shift the positions of 

the peaks ‘experimentally’ by tuning the electron flux at the sample surface. After the 

appropriate calibration procedures, the survey spectrum is used to determine the energy 

ranges for the high-statistics measurements of the relevant core-levels and high-resolution 

high-dwell-time scans are obtained. 

In order to understand the detailed peak structures of the core-level as well as 

valence-band spectra, analytical fitting of the XPS curves is usually carried out. In the 

studies described in this thesis, we have fitted the XPS spectra using Voigt functions, which 

are convolutions of Gaussian and Lorentzian function. The reason for choosing the Voigt 
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function is that the Lorentzian profile of a given atomic level is always broadened by the 

total experimental energy resolution effects, which contribute a Gaussian component. 

However, before carrying out such peak fitting, background subtraction is required for 

core-level spectra, as described below. 

Using the C 1s spectrum shown above as an example, it is evident that the XPS 

intensity of the higher-binding-energy tail of the core-level spectrum is higher compared 

to the intensity of the lower-binding-energy ‘onset’ part of the spectrum. The major reason 

for such energy-dependent increase in the background intensity is the inelastic scattering 

of the photoelectrons as they propagate within the sample, which results in the kinetic-

energy losses and, thus, an apparent shift toward higher binding energies. Before 

quantitative analysis and fitting of the spectral lineshapes is carried out, the contribution of 

inelastically scattered electrons to the spectrum should be quantified and removed. While 

the inelastic background baselines have been modeled by a number of authors, the 

background shape proposed by Shirley [6] is the most widely used. Figure 3.4 below shows 

an example of the Shirley background computed for a Ca 2p spectrum.  

Figure 3.3 A measured narrow scan of C 1s spectrum matched with the true binding 

energy of C 1s at 284.8 eV. 
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Shirley algorithm uses an iterative method to determine the background using the 

areas marked as A1 and A2 in Figure 3.4 to compute the background intensity 𝑆(𝐸) at 

energy E:  

 
𝑆(𝐸) = 𝐼2 + (𝐼1 − 𝐼2)

𝐴2(𝐸)

(𝐴1(𝐸) + 𝐴2(𝐸))
 

(10) 

where 𝐼1 and 𝐼2 are two intensity values at energies 𝐸 1 and E2, which are two distinct end-

point energies that limit the energy interval chosen for the peak fitting. These are the 

energies where the background merges with the experimental spectral data as shown in 

Figure 3.4.The term (𝐼1 − 𝐼2) defines the step size in the background. 𝐴1(𝐸) and 𝐴2(𝐸) are 

known, provided the background 𝑆(𝐸) is already known. But since 𝑆(𝐸) is initially 

unknown, integrated areas 𝐴1(𝐸) and 𝐴2(𝐸) for each point E on the background must 

Figure 3.4 Shirley background (blue) calculation for the Ca 2p XPS spectrum. 
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initially be computed using an approximation to S(E), then refined using the background 

computed from the first approximation as input to improve the values computed for 𝐴1(𝐸) 

and 𝐴1(𝐸). More precise values for 𝑆(𝐸) are obtained during each iteration. The iterative 

process ends when the difference between 𝑆𝑛(𝐸) and 𝑆𝑛−1(𝐸) is negligible. Here, n is the 

number of iterations performed. 

3.3 Software used for Photoelectron Spectroscopy 

3.3.1 Simulations of Photoelectron Spectra 

It is extremely helpful, as well as important, to have the knowledge of the expected 

XPS spectrum prior to any XPS experiment as well as during the analysis of the collected 

real-time data. Simulations of the XPS spectra can provide information about the element-

specific binding energies and relative photoemission intensities of the core-level peaks 

before the experiment, as well as provide quantitative information about the binding-

energy regions for the scans, scan time for each spectrum, optimal photon energies for 

carrying out the experiments so that the Auger peaks do not interfere with the core-level 

peaks of interest, depth distributions of the elements in the sample, etc. 

Most of the element-specific core-level binding energies and their chemical shifts 

when in different materials have been tabulated and could be found in literature and various 

databases. In the studies described in this thesis, the NIST X-ray Photoelectron 

Spectroscopy Database [7] was extensively used to for all of the above-mentioned 

purposes. 

The experimental x-ray photoemission intensities greatly depend on the structure 

and composition of the sample, the energy and polarization of the radiation source, and the 

experimental geometry of the sample with respect to the radiation source and the detector. 
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Thus, it is important for a simulation software to account for these experimental parameters 

in order to generate an XPS spectrum with accurate relative photoemission intensities. Such 

analysis is important for the experiment planning, as well as for the interpretation of the 

collected data. 

Throughout our work we have used the NIST Database for the Simulation of 

Electron Spectra for Surface Analysis (SESSA) developed by Wolfgang Werner, Werner 

Smekal and Cedric Powell of Vienna University of Technology and the National Institute 

of Standards and Technology (NIST) that has been designed to facilitate quantitative 

interpretation of the AES and XPS spectra using the latest databases and formulas for a 

sample of given composition and experimental geometry. The program calculates and 

accounts for multiple experimental parameters, such as the differential inverse inelastic 

mean-free paths, total inelastic mean-free paths, differential elastic-scattering cross 

sections, total elastic-scattering cross sections, transport cross sections, photoelectric cross 

sections, photoelectric asymmetry parameters, electron-impact ionization cross sections, 

photoelectron lineshapes, Auger-electron lineshapes, fluorescence yields and Auger-

electron backscattering factors to simulate the XPS spectra. 

The software uses a graphic user interface as the input for the experimental 

parameters, which are used to simulate the resultant XPS spectrum. First, the program 

allows the user to build-up a multilayer sample, specifying the chemical compositions and 

thicknesses of each layer. The user can adjust various materials parameters manually by 

entering known or experimentally determined values in the dialog boxes, as shown in 

Figure 3.5 below. Next, in order to simulate the XPS spectra, the user is prompted to enter 

the radiation source type and its energy (Figure 3.6), define the experimental geometry 
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(Figure 3.7), and determine the kinetic-energy range for the simulation (Figure 3.8). Once 

these parameters are entered, SESSA simulates the resultant XPS spectrum (Figure 3.9) 

with the positions and intensities of the core-level and Auger peaks using the three-step 

theory of photoemission (see Chapter 2 for details). 

 In addition to saving time and effort, an important use of the SESSA simulation is 

for estimating the coverages of adsorbed atmospheric contaminant overlayers on the 

specimens. This is typically done by simulating an overlayer composed of COx on top of 

the sample, calculating the XPS spectrum, and quantitatively comparing the experimental 

and calculated peak intensity ratios, such as [C 1s intensity]/[sample core-level peak 

intensity].  

Figure 3.5 SESSA’s graphical user interface that models the actual structure of the sample. 

Parameters such as elements constituting each material, thickness of each layer, density of 

each material, energy band gap, etc. should be provided. 
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Figure 3.6 SESSA’s graphical user interface that determines the type of source and 

energy of the exciting radiation for the experiment. 

Figure 3.7 SESSA’s graphical user interface that determines the experimental geometry the 

actual experiment was performed. Angles for sample, source and analyzer orientations should 

be specified. 
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Figure 3.8 SESSA’s graphical user interface that specifies the kinetic energy range for 

the XPS spectrum simulation. 

Figure 3.9 (a) SESSA XPS spectrum simulation for a LaNiO3/CaMnO3 multilayer, 

compared to (b) an experimental soft XPS spectrum for the same sample at the photon 

energy of 833.9 eV. 
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3.3.2 Peak fitting and generating experimental element-specific SW rocking curves 

As discussed in section 3.2, after the experimental XPS spectra are collected, 

appropriate background subtraction and peak fitting must be carried out in order to analyze 

and quantify the physical/chemical properties of the sample. We have mainly used the 

KolXPD software developed by Jiri Libra [8] for the XPS spectra peak-fitting and analysis, 

as well as for the generation of the element-specific standing-wave (SW) rocking curves in 

our SW studies. Below, we describe a typical set of steps taken to post-process the data. 

As mentioned in Chapter 3.2, before peak fitting, an appropriate background 

subtraction is required to remove the effects of inelastic scattering of the photoelectrons on 

their way out of the solid. In this thesis we used the standard Shirley background 

subtraction algorithm to carry out this step. Figure 3.10 shows the Shirley-type background 

curve (black solid curve) calculated for a Ca 2p XPS spectrum. After such background 

subtraction, valid peak fitting could be carried out, as described below. 

As mentioned in the previous sections, in this thesis we have used Voigt functions, 

which are convolutions of Gaussian and Lorentzian lineshapes, to fit all XPS spectra. 

Figure 3.10 shows an example of a Ca 2p XPS spectrum fitted using two pairs (blue and 

green curves) of Voigt doublets. The two main components in the Ca 2p XPS spectrum can 

be assigned to the 2p3/2 and 2p1/2 orbitals, which arise due to lifting of the degeneracy by 

the spin-orbit coupling (SOC) effect. In this particular example, we are fitting the 

chemically-shifted SOC-split spectra using a set of two doublets, which is similar to using 

two pairs of Voigt functions with constrained (same) Gaussian widths (gwid) and 

Lorentzian widths (lwid).  Since the doublet arise only due to spin-orbit splitting, the widths 

of the two components should be the same, and therefore could be constrained.  While the 
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lower-binding-energy doublet (blue curve) originates from Ca in the bulk-like CaMnO3, 

the higher-binding-energy doublet (green curve) originates from the Ca at the surface of 

the CaMnO3 film [9]. 

In addition to the width constraint, the area ratio of the two SOC-split components 

should have a well-defined value, depending on the degeneracy of each spin state. For 

example, for the Ca 2p spectrum where n is 2 and l is 1, j will have two values of 1/2 and 

3/2. Therefore, the area (integrated intensity) ratio for 2p1/2:2p3/2 should be 1:2 

(corresponding to two electrons in the 2p1/2 level and four electrons in the 2p3/2 level). These 

ratios must be considered when analyzing spectra of the p, d and f core levels. 

The standard values for the spin-orbit binding-energy splitting (in eV) for most 

elements could also be found in various databases. The example in Figure 3.10 shows that 

Figure 3.10 KolXPD’s graphical user interface showing XPS peak fitting of a Ca 2p core 

level. LHS shows the peak fitting parameters while the RHS shows the appropriate fits of 

the Ca 2p XPS spectrum. The black curve indicates the Shirley background. The green 

and blue curves indicate two Voigt doublets fitted to the Ca 2p XPS spectrum. 
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the 2p3/2 and 2p1/2 doublet is constrained by the KolXPD software to have the 2:1 peak-

area ratio, as well as the peak separation (SOC splitting) of 3.5 eV. As shown in the 

example in Figure 3.10, in our work, parameters such as peak binding-energy positions, 

peak amplitudes, peak widths, splittings, peak-area intensity ratios were carefully 

controlled and constrained, in order to obtain the best and most reasonable peak fits of the 

experimental XPS data. 

The KolXPD software, as well as some other advanced fitting packages, allows one 

to batch-process multiple spectra using common parameters and constraints. Such 

capability is particularly important for SW spectroscopy, wherein the spectra for each 

elemental core level is recorded for a range of x-ray incidence angles. Figure 3.11 shows 

Ca 2p core-level spectra obtained at 31 different incidence angles (11.7° to 16.2° in steps 

of 0.15°). We have batch-fitted these data using two doublets, as discussed above, by 

constraining certain parameters. Next we plotted the integrated areas under the two 

doublets (blue and green curves) as a function of the x-ray incidence angle, as shown in 

Figure 3.12. These are commonly known as the rocking curves (RCs) for the Ca 2p 

doublets in SW-XPS. The blue curve in Figure 3.12 is the RC for the lower-binding-energy 

Ca 2p doublets while the red curve is the RC for the higher-binding-energy Ca 2p doublets. 

The apparent shift in the position of the maximum between the two RCs suggest that the 

two species of Ca are located at different depths, i.e. closer to the surface and closer to the 

bulk of the film. In a similar manner, KolXPD was used to obtain the experimental rocking 

curves for different elemental core-levels throughout this thesis (see Chapter 6). 
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Figure 3.11 KolXPD’s graphical user interface showing batch XPS peak fitting of Ca 

2p XPS spectra obtained at different incidence angles. 

Figure 3.12 KolXPD’s graphical user interface showing the fitted XPS peak areas as 

functions of incidence angles. The two curves corresponds to the areas of different Ca 2p 

doublets (as shown in Figure 3.11) 
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3.3.3 X-ray Optical Calculations of Photoemission Intensities in SW-XPS 

In standing-wave excited x-ray photoelectron spectroscopy (SW-XPS) an x-ray 

standing wave with modulating electromagnetic-field intensity profile is generated within 

the sample due to the x-ray optical effects arising in solid-state superlattices comprising 

the sample [10]. The strongest standing-wave modulation is achieved when the x-ray 

incidence angle corresponds to the first-order Bragg condition for a given periodic 

superlattice, which is given by 

 𝜆ℎ𝜈 = 2𝑑𝑀𝐿 sin 𝛳𝑖𝑛𝑐 (11) 

where 𝜆ℎ𝜈 is the incident x-ray wavelength, dML is the period of the multilayer mirror and 

θinc is the x-ray incidence angle. When the incidence angle satisfies the above equation, the 

incident and reflected x-ray waves will interfere strongly, forming an x-ray standing wave 

within the sample. The resultant standing wave will be comprised of alternating antinodes 

(with higher-electromagnetic-field intensities) and nodes (with lower-electromagnetic-

field intensities), with a period given by 

 
𝜆𝑆𝑊 =

𝑑𝑀𝐿

2sin 𝛳𝑖𝑛𝑐
 

(12) 

The above-mentioned SW nodes and antinodes comprise a periodic x-ray E-field 

intensity modulation giving rise to a depth-modulated emission of photoelectrons. The 

resultant standing wave could be translated vertically (in the direction perpendicular to the 

sample surface) within the superlattice either by scanning the x-ray incidence angle θinc or 

the photon energy/wavelength 𝜆ℎ𝜈 through the Bragg condition. When the SW is translated 

in such a way, the nodes/antinodes move accordingly through the buried layers and 

interfaces, resulting in a depth-resolved emission of photoelectrons. In the study described 
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in the thesis (Chapter 6), we scanned the x-ray incidence angle θinc to achieve such depth 

sensitivity. 

In order to determine the depth-dependent distribution of the photoemission 

intensities originating from different elemental core-level and valence-band spectral 

features, it is first necessary to determine the phase of the x-ray standing wave within the 

sample. This requires a theoretical model/simulation that could accurately determine the 

electric-field intensity profile within a multilayer sample. Such model is obtained by fitting 

the experimental SW rocking curves, such as the ones described in the previous section, 

using an x-ray optical code which takes into account all the x-ray optical effects, including 

multiple reflections from the interfaces and the substrate, x-ray attenuation depths, and 

element-specific absorption resonances. The photoemission intensities are then calculated 

using the three-step model of photoemission, as functions of the x-ray incidence angle and 

polarization direction, photoelectron take-off angle, photon energy, and depth. Software 

for such theoretical x-ray optical modeling has been developed by S.-H. Yang, and is 

known as Yang X-Ray Optics (YXRO) program [10]. It has being improved throughout 

the past years and is currently available to the scientific community. 

The YXRO graphic user interface, shown in Figs. 3.13-3.15 below, allows the user 

to build-up a film structure, while specifying the thickness of each layer, the chemical 

interdiffusion between the layers, and the number of layers. Additional parameters specific 

to each layer are required, as shown in Figure 3.13. Values for most of these parameters 

could be found either in the SESSA or in the YXRO built-in databases. The YXRO 

program uses the Tanuma Powell and Penn algorithm (TPP-2M formula) [11] for the 

accurate estimation of the inelastic electron mean-free paths (IMFPs) in each layer of the 
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film stack. The IMFPs could be determined independently using the QUASES software 

[12], which also utilizes the TPP-2M algorithm.  

The energy-dependent x-ray optical constants (refraction index decrement δ and the 

absorption index β) for each material must be included in the model. The theoretical values 

of such optical constants as a function of energy [13] can be accessed via an online database 

[14]. However, if the experiment is carried out at the photon energy near an absorption 

resonance, experimental values must be used, which could be obtained via an x-ray 

absorption or an x-ray reflectivity measurement (β) in conjunction with Kramers-Kronig 

(δ) analysis [15]. Once the film structure has been built-up and the accurate x-ray optical 

constants for each constituent material have been determined, a profile of the SW E-field 

intensity within the sample for any experimental geometry and photon energy could be 

obtained. Figure 3.14 demonstrates an example of the YXRO graphical user interface with 

the complete set of simulation parameters for the [4 u.c.CaMnO3 / 4 u.c. LaNiO3]15 

superlattice sample studied in this thesis. 

Nominal model of the sample could be tweaked by varying individual layer 

thicknesses and interfacial interdiffusion lengths in order to obtain the best fits between the 

Figure 3.13 Parameters the user should specify in the YXRO program. 
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experimental and simulated SW rocking curves. Once the best fits are obtained, the 

resultant sample model and the depth-dependent SW E-field intensity profile (as a function 

of the x-ray incidence angle) could be utilized to interpret the measurement results and 

guide more detailed interface-specific measurement. A detailed example of such a study is 

described in-detail in Chapter 6. 

  

Figure 3.14 An example of the YXRO graphical user interface indicating the parameters 

of a [4 u.c.CaMnO3 / 4 u.c. LaNiO3]15 sample studied in our work. 
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     CHAPTER 4 

STRAIN-ENGINEERED OXYGEN VACANCIES IN CaMnO3 THIN FILMS  

 

(Note: Content of this Chapter is adopted from the publication “Ravini U. Chandrasena, 

Weibing Yang, Qingyu Lei, Mario U. Delgado-Jaime, Kanishka D. Wijesekara, Maryam 

Golalikhani, Bruce Davidson, Elke Arenholz, Keisuke Kobayashi, Masaaki Kobata, Frank 

M. F. de Groot, Ulrich. Aschauer, Nicola. A. Spaldin, Xiaoxing X. Xi, and A. X. Gray, 

Strain-engineered oxygen vacancies in CaMnO3 thin films. Nano letters, 17(2), 794-799.” 

with permission) 

4.1 Abstract  

In this Chapter, we demonstrate a novel pathway to control and stabilize oxygen vacancies 

in complex transition-metal oxide thin films. Using atomic layer-by-layer pulsed laser 

deposition (PLD) from two separate targets, we synthesize high-quality single-crystalline 

CaMnO3 films with systematically varying oxygen vacancy defect formation energies as 

controlled by coherent tensile strain. The systematic increase of the oxygen vacancy 

content in CaMnO3 as a function of applied in-plane strain is observed and confirmed 

experimentally using high-resolution soft x-ray absorption spectroscopy (XAS) in 

conjunction with bulk-sensitive hard x-ray photoemission spectroscopy (HAXPES). The 

relevant defect states in the densities of states are identified and the vacancy content in the 

films quantified using the combination of first-principles theory and core-hole multiplet 

calculations with holistic fitting. Our findings open up a promising avenue for designing 

and controlling new ionically-active properties and functionalities of complex transition-

metal oxides via strain-induced oxygen-vacancy formation and ordering. 
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4.2 Introduction 

Dynamic control of ionic defects in transition-metal oxides and their interfaces is 

considered to be an exciting new avenue towards creating materials with novel electronic, 

magnetic and structural properties [8,9]. Such an approach for materials design, strongly 

reminiscent of the principles that enable modern semiconductor technology, has 

tremendous potential due to the fact that very small changes in the concentrations of defects 

such as oxygen vacancies can lead to dramatic changes in the materials' properties and 

function, such as conductivity [12] and magnetism [13]. Thus, our ability to tailor and fine-

tune the densities and concentration profiles of such functional defects largely determines 

the full range of novel phenomena and functionalities accessible in such systems. 

Coherent epitaxial strain has been widely utilized as a tuning knob to control key 

functional properties in transition-metal oxides. Recent examples of such strain-

functionality coupling include the control of metal-to-insulator transition temperature in 

VO2 [14] and the insulator-to-superconductor transition temperature in La1.9Sr0.1CuO4 [15]. 

Going beyond the ability to effectively manipulate already existing physical properties of 

a given material, strain has also been shown to invoke entirely new exotic ground states 

such as ferroelectricity in SrTiO3 and increased ferroelectric polarization in BaTiO3, 

consistent with theoretical predictions [16-18]. 

The antiferromagnetic Mott insulator CaMnO3 is a well-established example of a 

complex transition-metal oxide in which electronic and magnetic properties can be 

manipulated via strain, heteroengineering and external stimuli [19-23]. A recent theoretical 

study suggests that, in addition to directly affecting internal bond lengths and oxygen 

octahedral rotations, coherent epitaxial strain can facilitate spontaneous formation of 
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oxygen vacancies and even influence defect-site preference leading to vacancy ordering in 

CaMnO3 and similar materials [24,25]. This prediction opens the door for exploring and 

controlling new properties and functionalities stemming from ionic activity. Thus, a clear 

understanding of the energetics and strain-control of such defects is crucial for achieving 

technical feasibility and efficient performance of future electronic devices relying on these 

properties. 

Here we use a combination of atomic layer-by-layer pulsed laser deposition (PLD) 

from two separate targets, bulk-sensitive x-ray spectroscopies (XAS and HAXPES), and a 

combination of theoretical methods to show a direct relationship between applied coherent 

epitaxial strain and oxygen vacancy concentration in ultrathin single-crystalline CaMnO3 

films. Spectroscopic fingerprints of the defect-induced electronic states are identified and 

analyzed. It is furthermore revealed that, due to their high mobility [26,27], the vacancies 

partially diffuse out of the film when exposed to ambient atmosphere, thus necessitating 

an in-situ-grown capping layer to preserve the original strain-induced oxygen-vacancy 

content. This underlines the importance of bulk-sensitive x-ray techniques, capable of 

probing buried layers and interfaces, for the understanding of the electronic properties of 

strain-engineered thin films. 

4.3 Results and Discussion 

Two identical sets of ultrathin (10 unit cells) single-crystalline CaMnO3 films were 

synthesized using atomic layer-by-layer PLD [28] on three different single-crystalline 

substrates inducing coherent in-plane tensile strain varying from +0.8% to +4%. Coherent 

epitaxy at such high strain levels is made possible by atomic layer-by-layer synthesis via 

alternating ablation of two separate constituent oxide targets (MnO2 and CaO) [28]. A 
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thicker (80 unit cells) bulk-like CaMnO3 film was grown on a SrTiO3 substrate as a fully-

relaxed (0% strain) reference sample. To investigate the effect of ambient atmospheric 

exposure on the oxygen-vacancy content, one complete set of films was capped with a 3 

nm-thick Pt capping layer in-situ and the other identical set synthesized during the same 

run was left exposed. Quality, crystallinity and thickness of the films was verified using x-

ray diffraction (XRD) and reflection high-energy electron diffraction (RHEED) 

measurements (see Figure 4.1). In addition, an exhaustive characterization of such 

coherently-strained CaMnO3 films via XRD, x-ray reflectivity and atomic force 

microscopy was carried out by us in a prior study [29], confirming crystallinity, tensile 

strain values, phase purity and coherence. 

Soft x-ray XAS measurements at the Mn L2,3 and O K absorption thresholds were 

carried out at the elliptically polarized undulator beamline 4.0.2 of the Advanced Light 

Figure 4.1 (a) XRD of the 0.0% strained reference CMO film. (b) RHEED intensity 

oscillations for 10 unit cells CMO on LSAO. RHEED patterns of CMO film of thickness 

10 unit cells grown by MBE on (c) LSAO along [110] azimuth, on (d) LAO along [110] 

azimuth and on (e) LSAT along [100] azimuth. The RHEED patterns show that the CMO 

films are single crystalline. 
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Source using the Vector Magnet endstation [30]. The average probing depth in the total 

electron yield XAS detection mode was estimated to be approximately 5 nm, providing 

optimal bulk-sensitivity to probe the buried CaMnO3 layer underneath the 3 nm-thick Pt 

cap. Measurements were carried out at several locations on the sample, to exclude the 

possibility of x-ray sample damage. 

Complementary core-level HAXPES measurements of the Mn 3s multiplet-split 

spectra were carried out using a focused monochromated Cr Kα x-ray source integrated 

with a VG Scienta R4000 hemispherical analyzer [31] equipped with an additional wide 

acceptance objective lens. At the Cr Kα excitation energy of 5.4 keV, the inelastic mean-

free paths (IMFP) of the photoemitted Mn 3s electrons in CaMnO3 and Pt are estimated to 

be 8.0 nm and 4.4 nm respectively [32]. Therefore, HAXPES has an advantage over 

traditional XPS of being able to probe these electronic states in a buried layer and through 

the 3 nm-thick Pt cap. Observed strain-dependent changes in the electronic structure of 

buried CaMnO3 films strongly suggest systematic variation in the Mn valence state due to 

oxygen vacancy formation with increased tensile strain [24], as described below. 

We first discuss the changes in the Mn valence state and conduction-band orbital 

energetics as a function of in-plane strain. The excess charge associated with a neutral 

oxygen vacancy in CaMnO3 is accommodated in the lattice via the reduction of two Mn4+ 

to Mn3+ on sites adjacent to the vacancy [33]. Tensile strain thus lowers the oxygen vacancy 

formation energy since the expanded lattice facilitates the increase in ionic radius 

associated with these reduction reactions [24]. 

In Figure 4.2a above, we plot the XAS spectra of the Mn L2,3 edges for the four Pt-

capped CaMnO3 films exhibiting tensile strain ranging from 0% (fully relaxed film) to 4%, 
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as grown on an (LaAlO3)0.3 (Sr2AlTaO6)0.7 (LSAT) substrate. XAS at the L2,3 edges has 

been used routinely for the analysis of the transition-metal valence states in oxides [1,34]. 

Spin-orbit coupling splits the transition-metal L2,3 edge into two components, L2 and L3, 

corresponding to the 2p1/2 → 3d and 2p3/2 → 3d transitions respectively [1,34]. The most 

striking evidence of the changes in the Mn valence state towards Mn3+ is observed with the 

Figure 4.2 (a) Mn L2,3 XAS spectroscopy of the strained ultra-thin CaMnO3 films. 

Systematic evolution of the spectroscopic features at the Mn L2,3 edges observed with 

substrate-induced tensile strain is consistent with the increase in the Mn3+ ion concentration 

induced by the oxygen vacancy formation. The key features include the chemical shift of 

the L2 and L3 spectral weights towards lower photon energies [1,2], increase in the spectral 

weight of the Mn3+ high spin valence state feature at approximately 640.3 eV (inset) [3,4], 

and the growth of the L3/L2 ratio [5,6].  (b) Experimental data (right axis) showing the 

continuous systematic variation of the Mn3+ feature intensity as normalized to the total L3 

peak area (red markers), as well as the L3/L2 ratio (blue markers) are correlated to the 

calculated strain-dependent oxygen vacancy formation energy (left axis / green markers). 

Both the experimental and theoretical values are plotted as functions of in-plane tensile 

strain. 
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systematic shift of the L2 and L3 spectral weights towards lower photon energies [1,2,35,36] 

as a function of increasing strain. The spectral shift is due to changes in the electrostatic 

energy at the Mn site driven by the decrease in the 3d count, which leads to shifts of both 

the core level and the final-state wavefunctions [2,37]. The observed total chemical shift 

of approximately 0.7 eV is immediately obvious to the eye for the L2 edge (see Figure 4.2a) 

and can be verified for the L3 edge via appropriate peak fitting, which is necessary due to 

the more complex structure of the excitonic region of the L3 edge. 

In addition to the abovementioned chemical shift, increase of the Mn3+ content with 

increased tensile strain is evidenced by the systematic increase in spectral weight of the 

feature at the photon energy of 640.3 eV, shown in the outset of Figure 4.2a, and identified 

in prior studies as the signature of the Mn3+ high-spin valence state [3,4]. Ratios of the 

spectral weight of the Mn3+ peak to the total spectral weight of the L3 edge, obtained via 

background subtraction and peak-fitting, are plotted in Figure 4.2b and exhibit monotonic 

increase as a function of strain. Corresponding systematic changes in the strain-dependent 

oxygen vacancy formation energies, calculated using density functional theory as in 

Ref.[24], are plotted on the left axis and shown by green symbols. 

Another indicator of the increase of the Mn3+ content, the L3/L2 intensity ratio which 

is highly sensitive to the valence state of Mn ions [5,6], is calculated and plotted in Figure 

4.2b as a function of tensile strain. For the fully-relaxed bulk-like CaMnO3 film, the ratio 

is the lowest of the series (close to 2), consistent with the d3 configuration of the 

predominant Mn4+ ion [6]. The ratio grows as a function of increased tensile strain (see 

Figure 4.2b), which strongly suggests an increase in the concentration of Mn3+ ions with 

d4 configuration [6]. Consistent with the Mn3+ peak intensities, the L3/L2 ratios are also 
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correlated to the calculated oxygen vacancy formation energies for the respective strain 

values. 

To determine the Mn3+ and Mn4+ ionic content in each sample, we simultaneously 

and self-consistently fit our experimental data using spectra calculated for the respective 

Mn species via multiplet simulations [38,39] (see Fig. 4.3 above). In our model, the 

corresponding reductions of Slater integrals (which account for covalency) and the crystal-

field parameters, in combination with Lorentzian and Gaussian broadenings, are all treated 

Figure 4.3 (a) Self-consistent simultaneous holistic fits of the strain-dependent 

experimental Mn L2,3 edge spectra using the Mn3+ and Mn4+ spectral components obtained 

via atomic multiplet theoretical calculations [10]. Resultant Mn3+ and Mn4+ ionic contents 

are plotted as a function of in-plane tensile strain in (b), and exhibit strain dependence 

similar to those of the experimental features shown in Figure 4.2b. 
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as the fit parameters. The edge jumps, modeled as cumulative pseudo-Voigt functions, and 

background functions are included for each data set. The resultant reference spectra for the 

Mn3+ and Mn4+ species are applied simultaneously to all data sets, with a common energy 

shift and varying scaling factors to account for the differences in composition between 

different samples. The fitting is performed using the Blueprint XAS package [38,39], 

which enables calculations of multiple fits from multiple reduced-bias starting points, 

making it possible to evaluate uncertainties in the fit parameters as well as the derived 

quantities. Figure 4.3a shows the resultant fits with the two optimized reference spectra 

calculated for the Mn3+ and Mn4+ species acting on all four datasets. Figure 4.3b shows the 

resultant compositions and their corresponding uncertainties. Other relevant parameters 

obtained from the fitting are tabulated in Table 4.1. 

Table 4.1 Crystal field and Atomic Slater−Condon parameters obtained from the fitting of 

multiplet simulations to the experimental Mn L-edge XAS spectra of CaMnO3. 

Parameter Average Std. dev. 

10Dq, Mn3+ 0.94 0.07 

Ds, Mn3+ -0.14 0.22 

Dt, Mn3+ 0.03 0.06 

Reduction Fdd (%), Mn3+ 76 8 

Reduction Fpd,Gpd(%), Mn3+ 85 10 

10Dq, Mn4+ 1.51 0.22 

Ds, Mn4+ 0.04 0.17 

Dt, Mn4+ 0.00 0.06 

Reduction Fdd (%), Mn4+ 79 11 

Reduction Fpd,Gpd(%), Mn4+ 95 17 
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Similar measurements and spectroscopic analysis carried out for the identical set of 

CaMnO3 films grown during the same run but without the protective Pt capping layer 

suggests that the vacancies partially diffuse out of the film when exposed to ambient 

atmosphere (see Figure 4.4). The uncapped films are still subjected to the same 

systematically-varying substrate-induced coherent tensile strain as the capped samples, 

however, the spectral shapes for the strained films on LaSrAlO4 and LaAlO3 substrates 

(0.8% and 1.9% strain, respectively) look virtually indistinguishable from that for the bulk-

like CaMnO3 film with predominantly Mn4+ valence (black spectrum). Significant spectral 

shape changes, fully consistent with the increase in the Mn3+ ion concentration as described 

Figure 4.4 XAS spectra of the Mn L2,3 edges for the strained CaMnO3 films grown during 

the same run but without the protective Pt capping layer. The uncapped films, which were 

exposed to ambient atmosphere, are still subjected to the same systematically-varying 

substrate-induced coherent tensile strain as the capped samples, however, the spectral 

shapes for the strained films on LaSrAlO4 and LaAlO3 substrates (0.8% and 1.9% strain, 

respectively) look virtually indistinguishable from that for the bulk-like CaMnO3 film with 

predominantly Mn4+ valence (black spectrum). Significant spectral shape changes, fully 

consistent with the increase in the Mn3+ ion concentration as described above, are only 

observed for the maximally-strained film on the LSAT substrate (green spectrum), but to 

a lesser extent compared to the similar capped sample (see Figure 4.3a). 
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above, are only observed for the maximally-strained film on the LSAT substrate (green 

spectrum), but to a lesser extent when compared to the similar capped sample (see Figure 

4.2a). Our observations confirm the prediction that equilibrium room-temperature oxygen 

vacancy concentrations are low and that oxygen vacancies remain mobile even at low 

temperatures and can diffuse out of the film when exposed to ambient atmosphere [24]. 

We emphasize that, while strain strongly enhances the oxygen vacancy concentration (by 

about an order of magnitude at 650 K and a factor of five at 950 K, the enhancement 

actually being stronger at low temperature), the small absolute oxygen vacancy 

concentration at room temperature makes the change in Mn3+ concentration undetectable 

by XAS. Using the Pt capping layer, we block oxygen uptake by the film and preserve the 

increased high-temperature oxygen vacancy concentration that is metastable at room 

temperature. This furthermore underlines the importance of non-destructive bulk-sensitive 

x-ray techniques, such as XAS and HAXPES, capable of probing electronic properties of 

films that are buried underneath protective capping layers.                                                                                                                                        

Figure 4.5 below shows bulk-sensitive HAXPES measurements of the Mn 3s 

multiplet-split spectra for the Pt-capped coherently-strained CaMnO3 films. In 3d transition 

metals, the 3s core-level splitting arises due to the exchange coupling interaction between 

the 3s core-hole and 3d electrons and due to the intrashell 3d charge transfer process [7,40]. 

As the valence state of the Mn ion tends to decrease, the energy splitting between the two 

Mn 3s multiplet components increases [7,41]. Therefore, the 3s splitting is highly sensitive 

to the changes in the valence state of Mn ions and, in fact, has been used in numerous prior 

studies to determine the Mn valence state [41]. Self-consistent Shirley-background 

subtraction and peak-fitting reveals that the Mn 3s splitting increases systematically with 
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in-plane tensile strain (see Figure 4.5b). The low value of 4.49 eV is observed for the fully-

relaxed bulk-like film (see Figure 4.5a), consistent with the prior studies and indicating 

predominantly Mn4+ ion content [11,42,43]. The high value of 4.64 eV is observed for the 

maximally-strained (+4.0% tensile) film on the LSAT substrate (see Figure 4.5a), 

indicating a significant contribution of the lower-valent Mn3+ ions, consistent with the XAS 

results. By assuming a homogeneous linear combination of the Mn3+ and Mn4+ 

concentrations in the film, as a first-order approximation we estimate that the maximally-

strained CaMnO3 film on the LSAT substrate contains up to 20% more Mn3+ ions compared 

to the fully-relaxed film, which is in excellent agreement with the results of the holistic 

fitting of the XAS spectra (see Figure 4.3b). 

Figure 4.5 (a) Bulk-sensitive HAXPES of the Mn valence state in the CaMnO3 buried 

layers. Mn 3s core-level spectra measured with the photon energy of 5.4 keV exhibit well-

understood splitting due to the exchange coupling interaction [7]. Magnitude of the 

splitting, quantified using self-consistent peak-fitting and shown for the fully relaxed (0% 

strain) and fully-strained (+4% strain) films, can be related to the mean valence state of the 

Mn ions in the film [11].  (b) Magnitude of the Mn 3s peak splitting in the strained CaMnO3 

films plotted as a function of in-plane tensile strain exhibits a trend which suggests 

systematic increase in the Mn3+ ion content, consistent with the result obtained via XAS 

spectroscopy as well as the calculations of oxygen vacancy formation energies. 
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Lastly, we utilized the combination of high-resolution XAS at the O K absorption 

edge and first-principle density-of-states calculations to probe the electronic defect states 

in the conduction band of CaMnO3. The O K edge XAS probes the O 2p-projected 

unoccupied density of states resulting from dipole-allowed x-ray transitions from the 1s 

core shell [44,45]. It is well known that the few-eV-wide region immediately above the 

absorption threshold (pre-edge) provides access to the relevant states in the unoccupied 

CaMnO3 conduction band via O 2p - Mn 3d orbital hybridization [44,45]. Therefore, since 

these 2p-3d hybridized states are highly sensitive to the oxygen octahedral distortions as 

Figure 4.6 (a) XA spectra of the O K pre-edge region shown for systematically varying in-

plane tensile strain exhibit a lineshape evolution consistent with first-principles predicted 

changes in O 2p projected density-of-states shown in (b) (only one of the equivalent 

antiferromagnetic spin channels is shown). Peak positions and shifts calculated for the 

fully-relaxed and fully-strained films are in good agreement with the experimental data, 

with correspondences seen between features A–D in experiment and A'–D' in theory. States 

A’ correspond to hybridized majority-spin Mn eg – O 2p states, while B’ and C’ are 

hybridized minority-spin Mn t2g – O 2p states that are shifted to higher energy with 

increasing strain. The defect state D’ results from lowering of hybridized minority-spin Mn 

eg – O 2p states adjacent to the vacancy. 
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well as to the presence of oxygen vacancies, O K pre-edge XAS can be effectively used to 

detect electronic states induced by such defects [46] and to analyze electronic-structural 

changes resulting in vacancy formation [46]. While ground-state density-of-states 

calculations do not allow us to directly predict spectral shapes, we can tie the existence of 

spectral features to predicted changes in the energies of states. 

In Figure 4.6a we plot the O K pre-edge XAS spectra for the same set of coherently-

strained Pt-capped CaMnO3 films. The most significant strain-dependent modification of 

the line shape is observed as a feature (D) on the higher-energy side of the pre-edge peak 

(centered at 530.5 eV) growing systematically with increasing strain. Based on first-

principles calculations of the O 2p-projected density of states (pDOS) shown for the highest 

(+4.0%, with oxygen vacancy) and lowest (0.0%, without oxygen vacancy) strain states in 

Figure 4.6b, we can assign this feature to the emerging defect state (D’). Similarly to the 

defect state in the band gap about 0.5 eV below the conduction-band edge [24], which 

results from a lowering in energy of hybridized majority-spin Mn eg – O 2p states adjacent 

to a formed vacancy, this state (D’) results from an energy lowering of the minority-spin 

Mn eg – O2p states. Moreover, we can associate the observed shift of the peak (C) at 4% 

strain with an upwards shift of the hybridized minority-spin Mn t2g – O 2p states with 

increasing strain (C’). 

4.4 Conclusion 

In summary, we experimentally varied the oxygen vacancy defect formation 

energies in strongly-correlated oxide CaMnO3 by engineering ultrathin coherently-strained 

single-crystalline films via atomic layer-by-layer PLD from two separate targets. Oxygen 

vacancy content was stabilized by protecting the surfaces of the films with thin Pt layers 
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in-situ. By utilizing bulk-sensitive x-ray techniques, such as high-resolution XAS and 

HAXPES, as well as first-principles theory, we probed the electronic-structural changes 

related to the defect formation in CaMnO3 and established a direct link between the 

coherent in-plane strain and the oxygen-vacancy content. Our results provide a new recipe 

for designing strongly-correlated transition-metal oxides with tunable ionic defect content. 
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CHAPTER 5 

 

 

EFFECT OF OXYGEN VACANCIES ON THE METAL TO INSULATOR IN 

ULTRATHIN LaNiO3 FILMS 

5.1 Introduction 

Strongly-correlated electron systems, such as complex transition-metal oxides, play 

host to a variety of physical phenomena such as metal-insulator transitions (MITs), high-

temperature superconductivity, colossal magnetoresistance, and multiferroicity [1]. This 

remarkable behavior in transition metal oxides arise due to the complex interactions 

between their charge, spin, orbital and lattice degrees of freedom [2,3]. Quantum 

confinement in thin films and heterostructures adds an important new dimension in 

understanding and controlling these phenomena in complex metal oxides. Behaviors 

exhibited by these materials as ultrathin films and heterointerfaces can exhibit different 

properties than its bulk form, due to the modification of complex interactions between 

charge, orbital, spin, and lattice degrees of freedom, leading to even more fascinating 

emergent phenomena. 

Among the wide span of complex metal oxides, rare-earth nickelates (RENiO3, 

where RE=Rare Earth) has gained much attention due to their exhibition of complex 

electronic and magnetic behavior including MIT, that is controlled by the interplay between 

atomic-scale structure and electronic correlations on the Ni sites [4,5]. The strong coupling 

of the magnetic and electronic properties of the RENiO3 to their atomic-scale structure 

occurs due to the valence orbital hybridization between Ni 3d - O 2p orbitals depending on 

the geometry of the Ni-O bonding. For example MIT is observed in RENiO3 due to the 
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modifications of Ni-O bond properties and corresponding changes in the carrier itinerancy 

[6]. Unlike other members of the RENiO3
 family which undergoes temperature-dependent 

MIT, in bulk form, LaNiO3 is the only paramagnetic metal not exhibiting an MIT at any 

temperature due to the large ionic radius of La that suppresses the Ni-O bond 

distortions[6,7]. 

Despite the bulk form, in the form of a thin layer, LaNiO3 undergoes a MIT as a 

function of film thickness, when the thickness is less than a critical value of 2 u.c. [8]. Prior 

studies have attributed this phenomenon to various effects such as interfacial constraints 

on octahedral connectivity, disorder-driven localization, strain, inter-layer percolation and 

structural evolution in reduced film thicknesses.  

In this work, the effect of oxygen vacancies on MIT as a function of film thickness 

is being systematically studied. Here we use a combination of atomic layer-by-layer pulsed 

laser deposition (PLD) from two separate targets, x-ray absorption spectroscopy (XAS), 

and first principles theory to show the effect of oxygen vacancies on the thickness 

dependent MIT in single-crystalline LaNiO3 thin films. Spectroscopic fingerprints of the 

defect-induced electronic states are identified and analyzed. We find that in addition to low 

dimensionality and strain, oxygen vacancies play an important role in driving the ultrathin 

LaNiO3 films to become insulating. 

5.2 Experimental Section 

Single-crystalline LaNiO3 films of different thicknesses were synthesized using 

atomic layer-by-layer PLD via alternating ablation of two separate constituent oxide targets 

(La2O3 and NiO) on single-crystalline LaAlO3 substrates. Quality, crystallinity and 

thickness of the films were verified using x-ray diffraction (XRD), reflection high-energy 
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electron diffraction (RHEED), x-ray reflectivity (XRR) and scanning transmission electron 

microscopy (STEM) measurements. 

Soft x-ray XAS and linear dichroism measurements at the Ni L2,3 and O K 

absorption thresholds were carried out at Beamline 4.0.2 of the Advanced Light Source at 

Lawrence Berkeley National Laboratory and Beamline U4B of the National Synchrotron 

Light Source at Brookhaven National Laboratory in TEY mode with an energy resolution 

of ∼ 0.1 eV. The average probing depth in the total electron yield XAS detection mode 

was estimated to be about 5 nm. At normal incidence geometry the x-ray spot was focused 

down to ∼100-µm diameter. Samples were characterized using nearly 100% horizontally 

or vertically polarized x-ray beams at an incidence angle of 15° from the sample plane. In 

such a grazing measurement geometry, the x-ray electric field is oriented parallel to the 

surface for vertically polarized light, and almost perpendicular to the surface for 

horizontally polarized light, thus providing maximum sensitivity to changes in orbital 

character along the different crystallographic axes. 

5.3 Results and Discussion 

Observed thickness-dependent changes in the electronic structure of LaNiO3 films 

strongly suggest a systematic variation in the oxygen vacancy content as described in the 

following paragraphs. 

In Figure 5.1 below, we plot the XAS spectra of the O K edges for the LaNiO3 films 

with different thickness ranging from 1.5 u.c. to 40 u.c. for x-ray polarizations parallel to 

sample surface normal (E║c, solid line) and perpendicular to the sample surface normal (E 

┴ c, dashed line). The XAS spectra are normalized to zero at the O K pre-edge and to unity 

at the post-edge, and are shifted vertically for clarity.  XAS at the O K edge has been used 
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routinely to reveal the hybridization of the transition metal and the oxygen states in oxides. 

Here in the O K-edge XAS, a first-order transition from the O 1s to O 2p state occur to 

selectively measure the density of unoccupied states with O 2p symmetry (“O 2p holes”) 

[9,10]. This selective excitation is a result of the dominating dipole transition matrix 

elements, which obey a selection rule of Δl = ± 1. The XAS spectral intensity can reveal 

the fraction of O 2p character that hybridizes with transition metal 3d states, thus also 

providing information about electron sharing between O 2p and transition metal 3d states. 

This property of the O K-edge XAS has been used to study the hybridization between O 

2p and transition metal 3d states for different systems [10]. 

5.3.1 XAS of O K edge : Ni – O hybridization and O vacancies 

The O K-edge spectra of LaNiO3 films shown in Figure 5.1 has several peaks. In 

general, the first peak (∼528 eV) corresponds to the excitation from the O 1s state to the 

hybridized O 2p−Ni 3d state, and the second (∼535 eV) to the excitations of O 1s to O 

Figure 5.1 Thickness dependent XAS spectra at the O-K edge, for x-ray polarizations 

parallel to sample surface normal (E║c, solid line) and perpendicular to the sample surface 

normal (E ┴ c, dashed line) of the LaNiO3 films. 
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2p−La 4d and third peaks (∼543 eV) to the excitations of O 1s to O 2p−Ni 4sp [11]. Unlike 

the second and third features, the first feature undergoes significant transformations in peak 

intensity when the film thickness is changed. This observation is anticipated as the second 

feature corresponds to the La 4d state which is identical for all of the LaNiO3 films, and 

the third feature corresponds to the transition metal 4sp state, which generally has a wider 

bandwidth and therefore is largely similar. Therefore, we utilize the first feature of the O 

K-edge spectra, centered at approximately 528 eV (shown in the shaded blue region in 

Figure 5.1 and normalized in Fig. 5.2) to evaluate the O 2p−Ni 3d hybridization among 

different LaNiO3 film thicknesses. We observe the intensity of this peak decreasing with 

reduced LaNiO3 film thickness, indicating lowering of the degree of hybridization for 

reduced film thicknesses. 

Our thickness dependent resistivity measurements [12] at room temperature 

indicates films 3.5 u. c. and thicker remain metallic down to the lowest temperature, while 

thinner films display an MIT in our temperature range, except for the 1 and 1.5 u. c. films 

which remain insulating up to the highest temperature studied. Our XAS results agree very 

well with our resistivity measurements [12] demonstrating more hybridization (increased 

Figure 5.2 Normalized polarization-averaged XAS spectra of the O K pre-edge region for 

LaNiO3 films with different thicknesses. 
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intensity of the pre-peak) corresponding to a more metallic behavior of the LaNiO3 films 

while less hybridization (decreased intensity of the pre-peak)  corresponding to a more 

insulating behavior of the LaNiO3 films [13,14]. The reduction in pre-peak intensity has 

been attributed to reduced Ni3d–O2p hybridization caused by both NiO6 octahedral 

distortions (change of Ni-O-Ni bond angle) and lattice polar distortions (change of Ni-O 

bond length) occurring at the surface in very thin LaNiO3 films.[15,16] In thin films (or 

surfaces) the Ni-O-Ni bond angle is less than 180°, while in bulk it is closer to 180°. Also 

the polar nature of LaNiO3 films along the (001) direction with alternating (LaO)+ and 

(NiO2) 
− atomic planes creates a polar electric field pointing towards the surface[17]. This 

field causes a structural distortion that elongates the Ni-O bond at the surface than in the 

bulk. The reduction of the Ni-O-Ni bond angle and elongation of the Ni-O bond length at 

the surface (or thin films) leads to a less degree of hybridization between O 2p-Ni 3d 

orbitals, which eventually makes the thin films insulating [17]. In addition to these 

distortions we suggest that O vacancies might also have a significant impact when driving 

the films towards an insulating behavior as discussed below. 

Detection of oxygen vacancies in thin films is challenging. However, by a thorough 

investigation of the O K pre-edge peak shape, we were able to identify a signature that 

could be attributed to O vacancies.  Figure 5.2 displays the zoomed in O K pre edges of the 

XAS spectra in Figure 5.1. The peak maxima of the spectra are being normalized to unity 

for clear comparison. The pre-edge peak reveals a shoulder on the higher-energy side of 

the main peak. Appropriate peak fitting for the 4 u.c. LaNiO3 film indicated the presence 

of a main peak at about 527.7 eV and a shoulder peak at about 528.7 eV. In prior work, the 

shoulder peak has been observed [18] in LaNiO2.75 and LaNiO2.5, where octahedral NiO6 
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layers alternate with square-planar NiO4 layers [19]. While the main peak was attributed 

to the Ni3+ ions occupying the octahedral NiO6 sites, the shoulder structure was attributed 

to the Ni3+ ions occupying the square-planar NiO4 sites. Also, the observation of this 

shoulder at a higher energy was explained by an increase in the charge transfer energy due 

to the lower coordination. If we assume the square-planar NiO4 sites, as octahedral NiO6 

sites missing apical oxygen atoms, the presence of the shoulder peak in our LaNiO3 films 

would indicate oxygen vacancies at the apical sites in the films. Thus, we have assigned 

this shoulder peak to oxygen vacancies. In Figure 5.2, we clearly see that the shoulder peak 

is more intense for the 2 u.c. and 1.5 u.c. thin LaNiO3 films, indicating more oxygen 

vacancies leads to an insulating behavior. Additionally, we observe the energies of the O 

K pre-peaks shifting to higher energies as the film thickness is being decreased. This 

indicates an upward shift of the conduction band which is possibly the consequence of a 

widening of the band gap, indicating a change toward an insulating state. 

In order to verify the assignment of this shoulder peak to oxygen vacancies, we 

have grown LaNiO3 films at different oxygen pressures to vary the oxygen vacancy content 

and have examined the evolution of the O K pre edge shoulder feature assigned to the 

oxygen vacancies. Here all the films were grown under same growth conditions and the 

film thicknesses were kept constant. Figure 5.3 exhibits the O K pre edge regions for three 

1.5 u.c. thick LaNiO3 films grown under 1, 5, and 7 Pa oxygen pressures. The spectra 

clearly indicate that the shoulder peak becomes more pronounced when the films are grown 

in lower oxygen pressures, confirming its correlation with oxygen vacancies. It is important 

to note that even with the highest growth oxygen pressure of 7 Pa and the post-growth 

annealing in 8.5 × 104 Pa oxygen, oxygen vacancies still exist in the LaNiO3 films.  
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The temperature dependent resistivity data of three different LaNiO3 films of 2 u.c. 

thickness, grown under 1, 5, and 7 Pa oxygen pressures, showed the effect of oxygen 

vacancies on the MIT. The film grown at lower oxygen pressure (1 Pa) lead to a higher 

resistivity, while the film grown at higher oxygen pressure (7 Pa) showed a metallic 

behavior at room temperature. Although the possibility of film quality variation with 

oxygen pressure during growth cannot be completely ruled out, these results strongly 

suggest that apical oxygen vacancies are mostly associated with an insulating behavior. 

Thus our O K edge XAS spectra conclude that oxygen vacancies are an important factor in 

finally driving the few-unit-cell thick LaNiO3 films towards an insulating behavior in 

addition to other mechanisms, such as low dimensionality and epitaxial strain that lead to 

octahedral rotations [16] and ionic buckling [20]. 

5.3.2 XAS of Ni L edge: Orbital polarization 

X-ray linear dichroism (XLD), the difference between two XAS spectra obtained 

with different linear polarizations, is a sensitive tool for detecting orbital polarization [21]. 

Particularly at the Ni L2,3 edge, transitions from the Ni 2p to Ni 3d are being probed. Spin-

Figure 5.3 Normalized polarization-averaged O K pre-edge region for 1.5 u.c. films grown 

at 1, 5, and 7 Pa oxygen pressures. 
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orbit coupling splits the Ni L2,3 edge into two components, L2 and L3, corresponding to the 

2p1/2 → 3d and 2p3/2 → 3d transitions respectively. Depending on the incident x-ray 

polarization to be in plane (E ┴ c) or out of plane (E║c) with respect to the sample surface, 

electrons can be excited to the unoccupied stated of the dx2 − y2 and d3z2 − r2 orbitals 

correspondingly. Even though the formal valence rules suggest that, the Ni atoms in 

ground state LaNiO3 (and other RENiO3) exhibit a 3d7 (Ni3+) configuration by 

considering it as a conventional positive charge-transfer compound, recent evidence 

suggests that the ground state disobeys conventional rules and LaNiO3 behaves as a 

negative charge-transfer compound, where a ligand hole L is self-doped into the O 

2p band and Ni takes a 3d8L configuration [22,23]. Here seven electrons originate from 

the Ni d orbitals and one electron is transferred from the O 2p orbital, with the all the t2g 

orbitals (dxy, dxz, dyz) being occupied and the eg orbitals (dx2–y2 and d3z2–r 2) being 

degenerate. In contrast to bulk, when grown as thin films, epitaxial strain can lift the eg 

orbital degeneracy and lead to an orbital polarization (P) [23]. These strongly polarized 

directional orbitals can then be selectively probed using linearly polarized x-rays as in 

XLD. 

Figure 5.4 shows the normalized XAS spectra collected at in plane (E ┴ c) and out 

of plane (E║c) polarizations at the Ni L2 edge for 1.5 u. c. and 50 u. c. LaNiO3 films at 

room temperature. Comparing the difference of the peak energy values between the (E║c) 

and (E ┴ c) spectra, we notice that compressive strain reduces the peak energy of the d3z2–

r 2 orbital with respect to the dx2–y2 orbital in both the films, leading to a splitting of the eg 

orbitals(Δeg). The splitting of the 1.5 u. c. films is much larger than that of the 50 u.c. film. 

This is due to Δeg, orbital polarization reduction in bulk LaNiO3 films. 
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Orbital polarization, P was calculated as a function of film thickness, where P was 

derived using the following the approach established by Wu et al [24]. Here the integrated 

XLD spectra, I E║c and I E┴c, provide a direct measurement of ratio of holes (unoccupied 

states) in the eg orbitals as follows:  

β =  
ℎ3z2−r2 

ℎx2−y2 
=

I E║c

4I E┴c − I E║c 
  

where ℎ3𝑧2−𝑟2  is the hole occupancy number of the d3z2–r2 orbitals and ℎx2−y2  is 

the hole occupancy number of the dx2–y2 orbitals. We observed that below 2 u.c. thickness, 

the value for orbital polarization increases substantially with respect to the bulk (50 u.c.) 

films. As discussed previously, the structural distortion at the surfaces of LaNiO3 films 

Figure 5.4 XAS spectra at Ni L2-edge for E⊥c (blue) and E∥c (red) polarizations and x-ray 

linear dichroism (E⊥c- E∥c) for 50 u.c. and 1.5 u.c LaNiO3 films.  

 



 

103 

 

elongates the Ni-O bond lengths. However, more important than the elongation, the surface 

Ni atom is missing an oxygen nearest neighbor and thus a Ni-O bond. These 2 surface 

effects, missing Ni-O bonds and elongated Ni-O bonds lowers the d3z2–r 2 orbital energy 

creating a large orbital polarization in very thin films.  

Both density functional theory (DFT) and density functional theory plus dynamical 

mean field theory (DFT + DMFT) calculations predict that LaNiO3 films are metallic even 

in the ultrathin limit (1 u.c. ) whereas experimental observations indicate that they are 

insulating (<2 u.c.). However, theory show that the metallic states are fragile and could be 

easily upset by disorder or oxygen vacancies, agreeing with our experimental results. Thus, 

as experiment and theory recognize, oxygen vacancies are a critical factor that is important 

for the fundamental understanding of the MIT in ultrathin LaNiO3 films. Therefore, oxygen 

vacancies can be considered as an additional parameter for tuning the room-temperature 

MIT in LaNiO3 with regards to dimensionality control and strain. Thus, by knowing how 

to control the oxygen vacancy concentration extrinsically, one could, efficiently control the 

MIT in LaNiO3 based materials that can be used in future device applications.  
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CHAPTER 6 

  

DEPTH-RESOLVED CHARGE RECONSTRUCTION AT THE LaNiO3/CaMnO3 

INTERFACE 

 

 

(Note: Content of this Chapter is adapted from the publication “ R. U. Chandrasena, C. L. 

Flint,W. Yang,A. Arab,S. Nemšák,M. Gehlmann, V. B. Özdöl, F. Bisti, K. D. Wijesekara, 

J. Meyer-Ilse, E. Gullikson,E. Arenholz, J. Ciston,C. M. Schneider,V. N. Strocov, Y. 

Suzuki, and A. X. Gray, Depth-resolved charge reconstruction at the LaNiO3/CaMnO3 

interface. Physical Review B, 98(15), 155103.” with permission) 

6.1 Abstract 

Rational design of low-dimensional electronic phenomena at oxide interfaces is currently 

considered to be one of the most promising schemes for realizing new energy-efficient 

logic and memory devices. An atomically-abrupt interface between paramagnetic LaNiO3 

and antiferromagnetic CaMnO3 exhibits interfacial ferromagnetism, which can be tuned 

via a thickness-dependent metal-insulator transition in LaNiO3. Once fully understood, 

such emergent functionality could turn this archetypal Mott-interface system into a key 

building block for the above-mentioned future devices. Here, we use depth-resolved 

standing-wave photoemission spectroscopy in conjunction with scanning transmission 

electron microscopy and x-ray absorption spectroscopy, to demonstrate a depth-dependent 

charge reconstruction at the LaNiO3/CaMnO3 interface. Our measurements reveal an 

increased concentration of Mn3+ and Ni2+ cations at the interface, which create an electronic 

environment favourable for the emergence of interfacial ferromagnetism mediated via the 

Mn4+-Mn3+ ferromagnetic double exchange and Ni2+-O-Mn4+ superexchange mechanisms. 
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Our findings suggest a new strategy for designing functional Mott oxide heterostructures 

by tuning the interfacial cation characteristics via controlled manipulation of thickness, 

strain, and ionic defect states 

 

6.2 Introduction  

 Multifunctional complex-oxide heterostructures have been identified as candidate 

materials systems that may enable the coupling of electronic logic with magnetic memory 

and lead to the next-generation of spintronic devices [1-5]. Among the many complex-

oxide heterostructures studied to date, there has been a class of heterostructures where the 

interfaces give rise to functional properties not observed in the constituent materials 

[6].With many such emergent properties, ranging from interfacial metallicity [7-9] to 

interfacial superconductivity [10,11], there has been only a handful of successful efforts 

demonstrating new magnetic ground states at interfaces.[12,13] One such example is the 

LaNiO3/CaMnO3 system where ferromagnetic ground state emerges at the interface, 

although LaNiO3 is a paramagnetic metal and CaMnO3 is an antiferromagnetic insulator in 

the bulk [13-15]. 

The emergence of interfacial ferromagnetism in the LaNiO3/CaMnO3 system has 

been attributed to two distinct mechanisms: a Mn4+-Mn3+ double exchange interaction in 

the interfacial CaMnO3 layer and a Ni2+-O-Mn4+ superexchange interaction at the interface 

between the LaNiO3 and CaMnO3 [13-15]. The relative importance of the two mechanisms 

depends on the thickness of the individual layers due to a thickness-dependent metal-

insulator transition in the LaNiO3 layer [16-18]. The transition, which occurs in the 

ultrathin (few-unit-cell) limit, determines which is the dominant mechanism for the 
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mediation of the ferromagnetic coupling. Such tunability provides an ideal platform for 

studying fundamental interactions leading to emergent magnetism at oxide interfaces and 

makes this heterostructure a potential candidate for the above-mentioned devices. 

[12,19,20]. 

For each of the above-mentioned mechanisms, an interface charge reconstruction 

resulting in the presence of the transition-metal cations with the valence states other than 

the formal valence state of the stoichiometric compounds (LaNi3+O3 and CaMn4+O3) is 

required. Such charge reconstruction, resulting in the formation of off-stoichiometric 

cations (Ni2+ and Mn3+) at the interface, can be explained in terms of the charge leakage 

from LaNiO3 to CaMnO3 [13-15], as well as the presence of oxygen vacancies driven to 

the interface by polar compensation [21-24]. Both scenarios are plausible in the 

LaNiO3/CaMnO3 heterostructures. Specifically, in metallic superlattices with near- and 

above-critical LaNiO3 thicknesses, leakage of itinerant Ni 3d eg electrons into the 

interfacial CaMnO3 layer is expected to reduce the valence state of some of the interfacial 

Mn cations from 4+ to 3+, leading to the emergence of interfacial ferromagnetism mediated 

by the Mn4+-Mn3+ double exchange interaction [13-15,25]. This scenario has been 

theoretically predicted and discussed in-depth in prior experimental studies [13-15] and 

could explain the observed link between the thickness-dependent metal-insulator transition 

in ultrathin LaNiO3 and the observed suppression of ferromagnetism in the superlattices 

with near- and below-critical-thickness LaNiO3 layers (see Figure 2 in Ref. [15]). In 

superlattices with thinner LaNiO3, which is closer to the metal-insulator transition and 

hence more resistive transport properties, Ni2+-O-Mn4+ superexchange interaction (made 

possible by oxygen vacancies driven to the interface) has been identified as the source of 
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the interfacial ferromagnetism [14,15]. On the other hand, oxygen vacancies have also been 

observed in coherently strained epitaxial CaMnO3 [21] and LaNiO3 [22-24] and, in some 

cases, have been both predicted and observed to segregate at the interfaces due to polar 

energetics at the interface [22,23]. 

Gaining a clear picture of the depth-dependent evolution of materials’ electronic 

properties, valence states, and charge redistribution across the interface is therefore 

required to determine the roles of double exchange and superexchange interactions in the 

emergence of the observed interfacial ferromagnetism in this system. Thus, here, we used 

a combination of depth-resolved soft x-ray standing-wave photoemission spectroscopy 

(SW-XPS), x-ray absorption spectroscopy (XAS), and scanning transmission electron 

microscopy (STEM) to selectively probe the interface electronic structure and valence 

states of the relevant transition metal cations (Mn and Ni). Our results reveal an increased 

concentration of Mn3+ and Ni2+ cations at the LaNiO3/CaMnO3 interface, indicating the 

coexistence of competing Mn3+-Mn4+ double exchange with Ni2+-O-Mn4+ superexchange 

interactions that give rise to emergent interfacial ferromagnetism.   

6.3 Results and Discussion  

For this study, high-quality epitaxial [4 u.c. LaNiO3 / 4 u.c. CaMnO3]×15 superlattice 

was synthesized on top of a single-crystalline LaAlO3 (001) substrate using pulsed laser 

deposition. Layer-by-layer growth was monitored in-situ using reflection high-energy 

electron diffraction. After deposition, coherent epitaxy, crystallinity and layering of the 

superlattice was verified using ex-situ x-ray diffraction spectroscopy (XRD), soft x-ray 

reflectivity (SXR), as well as STEM (see Figure 6.1). Bulk magnetization and electronic 

transport measurements, carried out by us in a prior study on similar samples [15], revealed 
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a ferromagnetic signal (0.3 µB/Int.Mn at 10 K) and temperature-dependent resistivity 

(4×10-4 Ohm-cm at 10 K), which is consistent with the onset of metallicity in LaNiO3. 

More details regarding the deposition process and sample characterization can be found in 

Ref. [15].  

A high-angular-resolution (<0.01°) XRD 2θ-θ spectrum in Figure 6.1a, recorded 

using a Bruker D8 Discover diffractometer, shows well-resolved superlattice (SL) period 

thickness fringes and Bragg peaks, thus attesting to the high quality and precise control of 

the SL synthesis. A high-angular-resolution (<0.01°) SXR spectrum (see inset), recorded 

at the Calibration and Standards beamline 6.3.2 of the Advanced Light Source (LBNL), 

confirms the presence and the angular position of the SL Bragg peak in the soft x-ray 

regime at the photon energy used for the SX-XPS measurements described below. 
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Figure 6.1 (a) XRD 2θ-θ spectrum around the LaAlO3 (002) peak shows clearly-resolved 

SL thickness fringes, as well as the first-order SL Bragg peaks. Inset shows a synchrotron-

based SXR spectrum (at hν = 832.8 eV) of the first-order superlattice Bragg peak in the 

soft x-ray regime. (b) High-resolution STEM-HAADF cross sectional image of the 

superlattice sample showing a typical atomically-abrupt LaNiO3/CaMnO3 interface. (c) 

and (d) The XAS spectra probing the CaMnO3 layer at the Mn L2,3 absorption edges (c), 

and the LaNiO3 layer at the Ni L2 edge (d) reveal mixed valence states for the Mn (3+ and 

4+) and Ni (2+ and 3+) cations in the respective layers. 
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At the atomic level, the high-angle annular dark-field (HAADF) STEM image in 

Figure 6.1b, recorded using the aberration-corrected TEAM I microscope at the National 

Center for Electron Microscopy Facility of the Molecular Foundry (LBNL), shows several 

typical atomically-abrupt interfaces between LaNiO3 and CaMnO3. The A-site (La and Ca) 

atomic columns can be easily differentiated due to the high atomic number contrast, with 

the heavier cations (La) appearing brighter. The interfacial layers show some fluctuations 

in atomic column intensity of the A-sites, suggesting that the interfacial mixing is confined 

to a single unit cell, consistent with a prior study on similar samples [13].  

The high-resolution (100 meV) XAS spectra of the Mn L2,3 and Ni L2 absorption 

edges, recorded in the total electron yield (TEY) detection mode at the Magnetic 

Spectroscopy beamline of the Advanced Light Source (LBNL) [26], reveal fine spectral 

features attributed to the Mn3+ and Mn4+ cations at 640 eV and 643 eV, respectively [Figure 

6.1c] [21]; as well as the Ni2+ (869.5 eV) and Ni3+ (870.5 eV) peak components at the Ni 

L2 edge [Figure 6.1d] [27-29]. The data thus suggest a mixture of Mn3+ and Mn4+ cations 

originating in the CaMnO3 layer and a mixture of Ni2+ and Ni3+ cations originating in the 

LaNiO3 layer. However, XAS-TEY is a depth-averaging spectroscopic technique with a 

typical probing depth of 5 nm [30,31], and thus does not provide a depth-resolved valence-

state profile of the structure with sufficient resolution. 

Thus, in order to selectively probe the electronic structure and valence-states of the 

Mn and Ni cations at the LaNiO3/CaMnO3 interface, we have carried out soft x-ray SW-

XPS measurements at the high-resolution ADRESS beamline of the Swiss Light Source 

[32,33]. The SX-ARPES end station at the ADRESS beamline was equipped with a SPECS 

PHOIBOS-150 hemispherical electrostatic analyzer and a six-axis cryogenic manipulator, 



 

112 

 

allowing for optimal alignment of the sample and high-precision angle-resolved standing-

wave measurements. The above mentioned measurements were accomplished by setting-

up an x-ray standing-wave field within the periodic [4 u.c. LaNiO3 / 4 u.c. CaMnO3]×15 

superlattice sample, which in first-order Bragg reflection acted as the standing-wave 

generator [see Figure 6.2a]. The antinodes of the standing wave were moved vertically 

through the sample by scanning (rocking) the x-ray incidence angle [34,35]. The sample 

temperature was set at 30 K.  
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Figure 6.2 (a) Schematic diagram of the investigated superlattice structure consisting of 

fifteen LaNiO3/CaMnO3 bilayers, grown epitaxially on a single-crystal LaAlO3 substrate, 

with each bilayer consisting of 4 unit cells of LaNiO3 and 4 unit cells of CaMnO3. An 

excitation photon energy of 832.8 eV, corresponding to the onset of the La 3d5/2 absorption 

threshold, was utilized for the photoemission experiments to enhance the standing-wave 

modulation amplitude at the Bragg condition. (b) Experimental core-level photoemission 

intensity rocking curves for all elements in the superlattice and (c) best theoretical fits to 

the data. 
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The photon energy of 832.8 eV, just below the La 3d5/2 absorption threshold, was 

used to maximize the x-ray reflectivity of the superlattice, which in-turn enhanced the 

standing-wave modulation amplitude. In preparation for the experiment, energy-dependent 

SXR measurements were carried out to fine-tune the experimental parameters, such as the 

optimal photon energy and the angular range for the x-ray incidence [see inset in Figure 

6.1a]. 

Core-level photoemission intensities from every constituent element of the 

superlattice (La 4d, Ni 3p, Ca 2p, Mn 3s, O 1s and C 1s) were recorded as a function of 

grazing incidence angle from 11.7° to 16.2° [see Figure 6.2b] and self-consistently fitted 

using an x-ray optical theoretical code [36], which accounts for the differential 

photoelectric cross-section as well as the inelastic mean-free paths of photoelectrons inside 

the sample. Only the thicknesses of the CaMnO3 and LaNiO3 layers and the interdiffusion 

between them were allowed to vary in the model. The x-ray optical constants needed for 

the calculations were obtained via XAS and Kramer-Kronig analysis [34]. Figure 6.2c 

shows the best theoretical fits to the experimental data, exhibiting excellent agreement in 

terms of the amplitudes, relative phases and shapes. Surface-adsorbed COx contaminate 

from the exposure to atmosphere provides an excellent depth reference (black spectrum), 

thus further constraining the fitting and the calculations. 

A detailed structure of the topmost layers derived from the experiment, as well as the 

simulated intensity of the x-ray standing-wave electric field (E2) as a function of depth 

inside the sample and of x-ray incidence angle, are shown in Figure 6.3a and were obtained 

by using the set of best-fit parameters. Resultant thicknesses of the 4 u.c.-thick layers of 
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LaNiO3 (15.55 Å) and CaMnO3 (14.80 Å) are consistent with the unit cell thicknesses of 

3.89 Å (LaNiO3) and 3.73Å (CaMnO3), reported previously in the literature [37-39]. 

The E2 profile simulation shown in Figure 6.3a indicates that at lower incidence 

angles (yellow vertical line at ~13.3°) the two antinodes of the standing wave highlight 

predominantly the top and the bottom interfaces of the CaMnO3 film (regions marked with 
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Figure 6.3 (a) Simulated intensity of the x-ray standing-wave electric field (E2) inside the 

superlattice as a function of depth (vertical axis) and x-ray grazing incidence angle 

(horizontal axis). Calculated layer thicknesses shown on the right are consistent with the 

4× multiples of the LaNiO3 and CaMnO3 unit-cell constants reported in the literature [31-

33]. (b) Depth dependent evolution of the Mn 3s multiplet splitting (in eV) as a function of 

the x-ray grazing incidence angle. (c) and (d) Mn 3s core-level photoemission spectra 

recorded in the interface-sensitive (~13.3°) and bulk-sensitive (~14.4°) experimental 

geometries, respectively. (e) Difference spectrum obtained by subtracting the spectrum 

obtained at ~13.3° (c) from that obtained at ~14.4° (d). (f) Plot of the relative Ni2+ peak(s) 

intensity as a function of x-ray grazing incidence angle. (g) and (h) Ni 3p core-level 

photoemission spectra recorded at ~13.35° and ~13.95° respectively. (i) ‘Bulk - interface’ 

difference spectrum obtained by subtracting the spectrum obtained at ~13.35° (g) from that 

obtained at ~13.95° (h). 
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letters ‘a’), while the middle 'bulk-like' section of the film resides in the dark region (SW 

node). With increasing incidence angle, the top antinode propagates downward into the 

CaMnO3 layer spreading over almost the entire 4 unit-cells at around 14.4° (marked with 

another yellow vertical line) with the maximum intensity at approximately the center of the 

layer (region marked with letter ‘b’). Such contrasting angle-dependent depth distribution 

of the probing x-ray E-field intensities within the sample enables clear differentiation 

between the bulk-like and interface-like species of Mn in the CaMnO3 layer, as well as a 

particular sensitivity to the interface-like Ni in the LaNiO3 buried layer. Importantly, the 
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Figure 6.4 (a) Simulated intensity of the x-ray standing-wave (SW) electric field (E2) 

inside the superlattice as a function of depth (vertical axis) and x-ray grazing incidence 

angle (horizontal axis). (b) Line-cut of the SW E-field intensity for the x-ray incidence 

angle (14.40°) sensitive to the central (bulk-like) region of the CaMnO3 layer. (c) Similar 

line-cut for the x-ray incidence angle (13.30°) sensitive to the interface regions of the 

CaMnO3 layer. (d) Line-cut of the SW E-field intensity for the x-ray incidence angle 

(13.95°) at which the measurement is least-sensitive to the top-interfacial region of the 

LaNiO3 layer. (e) Similar line-cut for the x-ray incidence angle of 13.35°, at which the top-

interface sensitivity is enhanced by the SW, relative to (d). 
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simulation results indicate that the standing-wave contrast within the topmost layers of the 

sample is strong, reaching maximum difference of approximately 53% between the values 

of E2 in the nodes and antinodes of the SW [see the color scale in Figure 6.3a]. Additional 

line-cuts, showing E-field intensity profiles at several key incidence angles are shown in 

Figure 6.4. 

In order to determine the valence-state profiles of the key cations, we examine the 

lineshapes of the Mn 3s and Ni 3p core-level spectra at the x-ray grazing incidence angles 

corresponding to the interface-sensitive and bulk-sensitive standing-wave configurations. 

Conventional photoemission spectra for typical bulk-like stoichiometric or near-

stoichiometric CaMnO3 and LaNiO3 thin films are provided for reference in Figure 6.5. 
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Figure 6.5 (a) Typical Mn 3s photoemission spectrum measured on a thin bulk-like 

CaMnO3 film (from Ref. 15). The multiplet splitting value of 4.49 eV corresponds to a 

predominant Mn4+ content (see Ref. 21). (b) Typical Ni 3p spectra measured on two thin 

LaNiO3 films – a nearly-stoichiometric film (top panel) and a film with significant Ni2+ 

content (bottom panel) (from Ref. 42). In a nearly-stoichiometric LaNiO3 film (top), the 

peaks corresponding to the Ni3+ valence state (C and D) dominate the spectrum, as 

expected. Conversely, in the second case (bottom) peaks A and B, corresponding to the 

Ni2+ valence state, are more pronounced. 
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Figure 6.3b depicts the depth-dependent evolution of the Mn 3s core-level multiplet 

splitting (in eV) as function of x-ray incidence angle. The magnitude of the 3s splitting 

decreases monotonically with the increase of the formal valency of the Mn cation [40,41], 

and is thus often used as a reliable and highly sensitive experimental observable for 

determining the Mn valence state [21,41]. In the CaMnO3-interface sensitive experimental 

geometry, at the x-ray incidence angles between 13.2° and 13.5° (corresponding to region 

‘a’ in the sample), the average splitting is estimated to be 4.95 eV, after self-consistent 

Shirley-background subtraction and peak-fitting (see Figure 6.3c). This value of splitting 

corresponds to the formal Mn valency of approximately +3.4 [40], thus suggesting a 

mixture of Mn+3 and Mn+4 cations, with predominantly Mn3+ ion content at the interface. 

For higher x-ray incidence angles, as the SW antinode propagates toward the center 

of the CaMnO3 layer [as shown in Figure 6.3a], the Mn 3s splitting gradually decreases, 

reaching a value of 4.76 eV [see Figure 6.2c] in the CaMnO3-bulk sensitive geometry, at 

the incidence angle of ~14.4° (corresponding to region ‘b’ in the sample). For this 

magnitude of the 3s splitting, formal valency of the Mn cations is estimated to be 

approximately +3.6 [40], which suggests an increase of the Mn+4 ion concentration (as in 

stoichiometric CaMnO3) toward the bulk of the layer. 

The difference spectrum in Figure 6.3e, comparing Mn 3s spectra in the interface-

sensitive and bulk-sensitive experimental geometries, exhibits a lineshape that is typical of 

the increasing splitting, with positive incursions at 82 eV and 88 eV and a negative dip 

emerging between the two separated multiplet components. The observed change in the 

Mn 3s splitting (190 meV) is approximately a factor of two larger as compared to the total 

experimental energy resolution (~100 meV). Conventional surface-sensitive XPS spectrum 
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recorded with the same photon energy but away from the Bragg condition shows that the 

value of the Mn 3s splitting measured near the surface is 4.81 eV, which is close to the 

bulk-like value of 4.76 eV (see Figure 6.6) The splitting increases significantly to 4.95 eV 

(becomes more Mn3+-like) only when the additional standing-wave intensity highlights the 

bottom (buried) interface with LaNiO3. 

In summary, our experimental SW-XPS results, in conjunction with x-ray optical 

modeling, indicate an increased concentration of Mn3+ cations in the interfacial regions of 

the CaMnO3 film. Evidence of such charge reconstruction has been observed indirectly in 

prior studies using depth-averaging techniques [13,15]. There are two possible sources of 

Mn3+ at the interfaces: the leakage of itinerant electrons from the LaNiO3 to the CaMnO3 

and the segregation of oxygen vacancies in CaMnO3 to the interfaces. The temperature-

…

CMO

LNO

CMO

Mn 3s
XPS

Binding  Energy (eV)

IMFP

Figure 6.6 Conventional surface-sensitive XPS Mn 3s spectrum shows that the Mn 3s 

splitting near the surface is 4.81 eV, which is closer to the more stoichiometric-like bulk 

CaMnO3. The splitting increases to the value of 4.95 eV (more Mn3+-like) when the 

standing-wave antinode highlights the bottom CaMnO3-LaNiO3 interface. The red curve 

in the inset schematically shows the decay of the depth sensitivity related to the inelastic 

mean-free path (IMFP) of photoelectrons in the sample. 
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dependent resistivity data suggests the onset of metallicity in superlattices with 4 u.c.-thick 

LaNiO3 layers, with increasingly lower resistivities in superlattices with thicker LaNiO3 

layers (e.g. 6 - 8 u.c. – see Figure 6.2 in Ref. [15]), and therefore the mechanism of the 

leakage of itinerant electrons from LaNiO3 into the first CaMnO3 layer is the likely 

explanation in our superlattice. With increasing metallicity of the LaNiO3 layers, the 

emergent interfacial ferromagnetism is dominated by the Mn4+-Mn3+ double exchange 

interaction mediated by the leakage of the itinerant electrons and not Ni2+-O-Mn4+ 

superexchange interactions. 

Mn3+-Mn4+ disproportionation at the interface is predicted to stabilize Mn4+-Mn3+ 

double-exchange ferromagnetism, various signatures of which have been observed via bulk 

magnetometry, polarization-dependent XAS, and polarized neutron reflectometry (PNR) 

[13,15]. The latter technique provides a depth-resolved profile of magnetization in the 

superlattice and has shown that ferromagnetism in the CaMnO3 film is confined to one 

unit-cell at the interface with LaNiO3, in agreement with our conclusions [13]. Our depth-

resolved SW-XPS results thus provide a direct experimental link between the emergent 

magnetic and electronic interfacial properties and represent strong evidence to support the 

model of Mn4+-Mn3+ double-exchange-mediated ferromagnetism in the LaNiO3/CaMnO3 

superlattices. 

The emergence of interfacial ferromagnetism mediated by the Ni2+-O-Mn4+ 

superexchange interactions requires the presence of off-stoichiometric Ni2+ cations at the 

interface. In Figure 6.3f-i, we show the depth-dependent evolution of several features of 

the Ni 3p core-level peak, which have been used in numerous prior studies to determine 

the Ni valence state in LaNiO3 [42,43] and related compounds [44]. We label these 
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components A-D in Figure 6.3g, in accordance with the convention used by Qiao et al. [see 

Figure 6.5b from Ref. [42]]. Features A and C can be assigned to the Ni2+ 3p3/2 and Ni3+ 

3p3/2, respectively; while B and D are their 3p1/2 counterparts [42]. 

It is immediately apparent from Figures 6.3g-h that the Ni2+ components (A and B) 

are more intense, as compared to the Ni3+ peaks (C and D). However, it is important to note 

that due to the inelastic attenuation of the photoelectrons in the buried LaNiO3 layer, at the 

photon energy of 832.8 eV we are mostly sensitive to the top-most 'interface-like' region 

of the film. In fact, with the inelastic mean-free path estimated at ~15 Å [45], intensity of 

the photoemission signal from the central 'bulk-like' region of the film is diminished by 

approximately 40%, compared to the photoemission signal originating from the top 

LaNiO3/CaMnO3 interface [45,46]. Thus, from the first evaluation of the 3p spectral 

lineshapes in Figures 6.3g-h, we can conclude that the interface region of the buried 

LaNiO3 film contains a significant concentration of the Ni2+ cations. For measurements 

carried out at incidence angles that are sufficiently far away from the Bragg condition to 

ensure almost uniform illumination of the film (12.5°-13.3°, or region ‘c’ in Figure 6.3a), 

the relative intensity ratio (RIR) of the Ni2+ peak components to the total 3p intensity is 

estimated to be ~0.71 [see Figure 6.3f]. 

Remarkably, in the Bragg condition, a SW node (dark spot) appears at the 

LaNiO3/CaMnO3 interface at ~13.35° and propagates into the LaNiO3 layer, thus 

suppressing the signal from the interface with a maximum effect at approximately 14.0° 

(region ‘d’ in Figure 6.3a). Within the same angular range of ~13.3°-14.0°, an antinode 

(bright spot) appears in the central region of the film, thus enhancing the signal from the 

'bulk-like' LaNiO3. Our data in Figure 6.3e reveals that such enhancement of the 'bulk-like' 
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signal (and simultaneous suppression of the 'interface-like' signal) results in a significant 

drop of the Ni2+ RIR and an increase in the relative Ni3+ peak intensities. A difference plot, 

comparing Ni 3p spectra in the interface-sensitive and bulk-sensitive experimental 

geometries highlights this depth-dependent disproportionation of the Ni valence states 

[Figure 6.3i].  

An effective way of confirming the above described depth-dependent 

disproportionation of the Ni species within the LaNiO3 layer is to compare the lineshapes 

of the rocking curves (RC) for the Ni2+ (A+B - blue) and Ni3+ (C+D - green) individual 

components. Figure 6.7 reveals a clear shift to a higher grazing incidence angle of the entire 

Ni3+ component RC, relative to the Ni2+ RC. Such angular shift (estimated at approximately 

0.3°) corresponds to a ~3.2 Å (about 1 unit-cell) increase in the depth position of the SW 

probe inside of the LaNiO3 layer. Thus, the difference in the angular characteristics of the 

rocking curves in Figure 6.7 suggests that the Ni2+ components of the Ni 3p spectrum 
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Figure 6.7 Individual standing-wave rocking-curve modulations for the Ni2+ (blue) and 

Ni3+ (green) components of the Ni 3p core-level spectrum shown in Figure 6.3g. A relative 

shift of approximately +0.3° of the Ni3+ component with respect to the Ni2+ component 

corresponds to a 3.2 Å (~1 u.c.) increase in the depth position of the SW probe inside of 

the LaNiO3 layer. Circles correspond to experimental data and solid lines correspond to 

guides-to-the-eye obtained via polynomial fitting of the data. 
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originate mainly from the interfacial region with CaMnO3, while the Ni3+ signal comes 

mainly from the deeper 'bulk-like' LaNiO3 layers. 

Evidence of such interfacial charge redistribution has been observed in a prior 

combined XAS and resonant soft x-ray scattering study on similar superlattices [15] and is 

consistent with the polar compensation picture [15,22], wherein polar mismatch at the 

LaNiO3/CaMnO3 interface leads to interfacial Ni2+ cations in the polar LaNiO3 layer 

through the formation of oxygen vacancies. The ensuing interaction between the interfacial 

Ni2+ and adjacent Mn4+ on the CaMnO3 side of the interface is predicted to stabilize the 

ferromagnetic ground state via the superexchange mechanism [47,48]. Our depth-resolved 

SW-XPS results support this model and suggest that this interaction is likely confined to a 

narrow (1 unit-cell) region at the interface. 

6.4 Conclusion 

In conclusion, in this study we used SW-XPS in conjunction with x-ray optical 

modeling to determine the valence-state profile of the Mn and Ni cations at an atomically-

abrupt epitaxial 4 u.c. LaNiO3 / 4 u.c. CaMnO3 interface - a potential building-block for 

next-generation spintronic devices. By looking at the depth-resolved evolution of the 

spectral lineshapes of the Mn 3s and Ni 3p core levels, we observed an increased 

concentration of Mn3+ and Ni2+ cations at the buried interface. Concomitantly, the 'formal 

valence' cations (Mn4+ and Ni3+) were shown to be more abundant in the 'bulk-like' regions 

of the respective films. The observed depth-dependent charge redistribution creates an 

electronic environment favorable for the emergence of interfacial ferromagnetism 

mediated via the Mn4+-Mn3+ ferromagnetic double exchange and Ni2+-O-Mn4+ 

superexchange mechanisms. The competition between these two mechanisms can be 
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influenced by tuning the thickness of the LaNiO3 layer, which undergoes a metal-insulator 

transition in the ultrathin limit (<4 u.c.), resulting in the thickness-dependent controllability 

of the magnetic moment at the interface as demonstrated in a prior study [15]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

124 

 

6.5 References 

[1] R. Ramesh and N. A. Spaldin, Nat. Mater. 6, 21 (2007). 

[2] J. M. Rondinelli, M. Stengel, and N. A. Spaldin, Nat. Nanotechnol. 3, 46 (2007). 

[3] M. Bibes, J. E. Villegas, and A. Barthélémy, Adv. Phys. 60, 5 (2011). 

[4] P. Zubko, S. Gariglio, M. Gabay, P. Ghosez, and J.-M. Triscone, Annu. Rev. 

 Condens. Matter Phys. 2, 141 (2011). 

[5] S. Fusil, V. Garcia, A. Barthélémy, and M. Bibes, Annu. Rev. Mater. Res. 44, 91 

 (2014). 

[6] H. Y. Hwang, Y. Iwasa, M. Kawasaki, B. Keimer, N. Nagaosa, and Y. Tokura, Nat. 

 Mater. 11, 103 (2012). 

[7] P. Moetakef et al., Appl. Phys. Lett. 99, 232116 (2011). 

[8] A. Ohtomo and H. Y. Hwang, Nature 427, 423 (2004). 

[9] A. Ohtomo, D. A. Muller, J. L. Grazul, and H. Y. Hwang, Nature 419, 378 (2002). 

[10] A. Gozar, G. Logvenov, L. F. Kourkoutis, A. T. Bollinger, L. A. Giannuzzi, D. A. 

 Muller, and I. Bozovic, Nature 455, 782 (2008). 

[11] N. Reyren et al., Science 317, 1196 (2007). 

[12] K. S. Takahashi, M. Kawasaki, and Y. Tokura, Appl. Phys. Lett. 79, 1324 (2001). 

[13] A. J. Grutter et al., Phys. Rev. Lett. 111, 087202 (2013). 

[14] C. L. Flint, A. Vailionis, H. Zhou, H. Jang, J. S. Lee, and Y. Suzuki, Phys. Rev. B 

 96, 144438 (2017). 

[15] C. L. Flint, H. Jang, J. S. Lee, A. T. N'Diaye, P. Shafer, E. Arenholz, and Y. Suzuki, 

 Phys. Rev. Materials 1, 024404 (2017). 



 

125 

 

[16] R. Scherwitzl, S. Gariglio, M. Gabay, P. Zubko, M. Gibert, and J. M. Triscone, 

 Phys. Rev. Lett. 106, 246403 (2011). 

[17] D. P. Kumah, A. S. Disa, J. H. Ngai, H. Chen, A. Malashevich, J. W. Reiner, S. 

 Ismail-Beigi, F. J. Walker, and C. H. Ahn, Adv. Mater. 26, 1935 (2014). 

[18] Y. Cao et al., Nature Communications 7, 10418 (2016). 

[19] J. Hoffman, I. C. Tung, B. B. Nelson-Cheeseman, M. Liu, J. W. Freeland, and A. 

 Bhattacharya, Phys. Rev. B 88, 144411 (2013). 

[20] A. Bhattacharya and S. J. May, Annu. Rev. Mater. Res. 44, 65 (2014). 

[21] R. U. Chandrasena et al., Nano Lett. 17, 794 (2017). 

[22] I. C. Tung et al., Phys. Rev. Materials 1, 053404 (2017). 

[23] M. Anada et al., Phys. Rev. B 98, 014105 (2018). 

[24] M. Golalikhani et al., Nat. Commun. 9, 2206 (2018). 

[25] B. R. K. Nanda, S. Satpathy, and M. S. Springborg, Phys. Rev. Lett. 98, 216804 

 (2007). 

[26] A. T. Young, E. Arenholz, J. Feng, H. Padmore, S. Marks, R. Schlueter, E. Hoyer, 

 N. Kelez, and C. Steier, Surf. Rev. Lett. 09, 549 (2002). 

[27] S. Middey, D. Meyers, M. Kareev, E. J. Moon, B. A. Gray, X. Liu, J. Freeland, and 

 J. Chakhalian, 101, 261602 (2012). 

[28] Y. Bitla et al., Sci. Rep. 5, 15201 (2015). 

[29] Y. Yokoyama, D. Ootsuki, T. Sugimoto, H. Wadati, J. Okabayashi, x. Yang, F. Du, 

 G. Chen, and T. Mizokawa, Appl. Phys. Lett. 107, 033903 (2015). 

[30] N. B. Aetukuri et al., Nat. Phys. 9, 661 (2013). 



 

126 

 

[31] E. Arenholz, G. van der Laan, R. V. Chopdekar, and Y. Suzuki, Phys. Rev. B 74, 

 094407 (2006). 

[32] V. N. Strocov, X. Wang, M. Shi, M. Kobayashi, J. Krempasky, C. Hess, T. Schmitt, 

 and L. Patthey, J. Synchrotron Rad. 21, 32 (2014). 

[33] V. N. Strocov et al., J. Synchrotron Rad. 17, 631 (2010). 

[34] A. X. Gray et al., Phys. Rev. B 82, 205116 (2010). 

[35] A. M. Kaiser et al., Phys. Rev. Lett. 107, 116402 (2011). 

[36] S.-H. Yang, A. X. Gray, A. M. Kaiser, B. S. Mun, B. C. Sell, J. B. Kortright, and 

 C. S. Fadley, J. Appl. Phys. 113, 073513 (2013). 

[37] J. Chakhalian et al., Phys. Rev. Lett. 107, 116805 (2011). 

[38] M. C. Weber et al., Phys. Rev. B 94, 014118 (2016). 

[39] C. L. Flint, A. J. Grutter, C. A. Jenkins, E. Arenholz, and Y. Suzuki, J. Appl. Phys. 

 115, 17D712 (2014). 

[40] V. R. Galakhov et al., Phys.Rev. B 65, 113102 (2002). 

[41] E. Beyreuther, S. Grafström, L. M. Eng, C. Thiele, and K. Dörr, Phys. Rev. B 73, 

 155425 (2006). 

[42] L. Qiao and X. Bi, Europhys. Lett. 93, 57002 (2011). 

[43] X. Ning, Z. Wang, and Z. Zhang, Sci. Rep. 5, 8460 (2015). 

[44] M. Burriel, S. Wilkins, J. P. Hill, M. A. Munoz-Marquez, H. H. Brongersma, J. A. 

 Kilner, M. P. Ryan, and S. J. Skinner, Energy Environ. Sci. 7, 311 (2014). 

[45] A. Jablonski and C. J. Powell, J. Vac. Sci. Technol. A 27, 253 (2009). 

[46] W. Smekal, W. S. M. Werner, and C. J. Powell, Surf. Interface Anal. 37, 1059 

 (2005). 



 

127 

 

[47] J. B. Goodenough, J. Phys. Chem. Solids 6, 287 (1958). 

[48] J. Kanamori, J. Phys. Chem. Solids 10, 87 (1959). 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

128 

 

CHAPTER 7 

 

SUMMARY AND FUTURE OUTLOOK 

 

In this thesis, we have investigated some of the interesting emergent phenomena 

that occur in complex transition-metal oxides and their heterostructures by using a 

combination of advanced synchrotron-based x-ray experimental techniques. The obtained 

experimental results were compared to the first-principles calculations and theoretical 

models, which provided a deeper understanding of the studied material systems. 

An overarching goal of this dissertation research was to investigate the electronic 

properties of CaMnO3 and LaNiO3 materials both independently, as thin films, and then in 

an epitaxial heterostructure, CaMnO3/LaNiO3. Specifically, we utilized advanced 

synchrotron-based x-ray spectroscopic techniques such as XAS, XPS and SW-XPS in-

tandem with laboratory-based HAXPES, to investigate the electronic properties of the 

above-mentioned materials independently, as well as of their composite structure. An 

extended summary of the completed work, which was carried out at the Advanced Light 

Source (LBNL) and the Swiss Light Source (PSI), with the key findings is presented below.  

Perovskites display a wide range of functional properties that are of both 

fundamental and technological interest [1,2]. Point defects in such materials can play an 

important role in modifying and, sometimes, determining these functional properties For 

example, oxygen vacancies, in some cases, can enable ionic conductivity in high-

temperature electrochemical devices [3,4]. Furthermore, the charge imbalance that arises 

due to the presence of oxygen vacancies can give rise to new properties, such as 
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conventional conductivity, ferromagnetic ordering, etc [5,6] As the dramatic changes in 

the electronic, magnetic, and structural properties of complex oxides can arise from even 

the slightest changes in the concentrations of such defects [7], our ability to tailor and 

optimize the defect densities can determine a wide range of novel phenomena and 

functionalities accessible in such systems. The research presented in this thesis discusses 

the importance of oxygen vacancies and their role in determining the emergent properties 

in complex oxides and their heterostructures. 

 In the bulk perovskite oxides, oxygen vacancies are often present as a result of 

crystal expansion [8]. This phenomenon occurs due to the underbonding caused by two 

extra electrons from the missing oxygen ion being located in the nonbonding orbitals [9]. 

Since the transition-metal ions in the complex perovskite oxides can adopt several different 

valence states, this expansion is accommodated by a decrease in the oxidation state of the 

transition-metal ions (larger ionic radii at lower oxidation states) [9].Thus, a volume 

expansion associated with biaxial tensile strain is likely to increase the concentration of 

oxygen vacancies.  

In Chapter 4 of this thesis we have experimentally explored the possibility of tuning 

the oxygen vacancy content with tensile strain [10]. We have chosen CaMnO3 as the case-

study material to analyze the strain-dependence of the oxygen-vacancy concentration. By 

utilizing experimental spectroscopic techniques, such as XAS and HAXPES, we have 

demonstrated that oxygen vacancy content increased with tensile strain in CaMnO3 thin 

films. Our experimental observations were in good agreement with the first-principles 

theoretical calculations, as well as atomic multiplet calculations. 
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In addition to this, we have introduced a method to preserve the oxygen vacancies at 

ambient conditions in strained CaMnO3 films. At ambient conditions, strain is known to 

accelerate oxygen exchange at the surface resulting in the ‘healing’ of most of the oxygen 

vacancies in equilibrium [11]. Our spectroscopic observations of uncapped CaMnO3 films 

that were exposed to ambient conditions after growth confirmed that oxygen vacancies 

remain mobile even at low temperatures and can diffuse out of the film when exposed to 

ambient atmosphere. By capping strained CaMnO3 films with thin (3 nm) Pt layers in-situ, 

reaching the equilibrium at room temperature after growth was prevented, enabling the 

preservation of the nominal strain-induced oxygen vacancy content in the films. This 

highlights the utility of surface capping layer in preserving the high-temperature metastable 

defect states at ambient conditions. 

It is important to note that the oxygen vacancy formation energies in AMnO3 

(A=Ca2+, Sr2+, Ba2+) manganites do not only depend on strain, but also on factors such as 

A-cation size, magnetic ordering (AFM or FM), polar distortions, etc [12]. The 

concentrations and ordering of the oxygen vacancies can be experimentally engineered 

through altering both growth and post-growth annealing conditions [7]. Particularly, since 

the presence of oxygen vacancies influences the ferroic order parameters (suppresses 

ferroelectricity and favors ferromagnetism), the coupling between ferroic order parameters 

and oxygen vacancies suggests that annealing under electric or magnetic fields could 

further facilitate control of the oxygen vacancy formation energy and ordering 

experimentally [9]. While prior theoretical studies have predicted such coupled 

mechanisms in the AMnO3 manganites [12], in future, more experimental studies should 

be carried out in order to gain full understanding of the relationships between polarization, 
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structure and magnetism, as well as the potential mechanisms for active control of 

functional properties of materials by tuning chemical potential, strain, defect concentration, 

and external stimuli, such as electric or magnetic fields. 

 Metal to insulator transition (MIT) is a key material property for many functional 

devices [13]. Oxygen vacancies can play an important role in modifying the electronic 

properties of strongly-correlated transition-metal oxides exhibiting MIT [14]. Thus, a clear 

understanding of how the electronic and structural phases of matter can be altered using 

oxygen vacancies is important not only for basic science but also for information 

technology. 

One of the potential material candidates for the MIT-based devices is a complex 

transition-metal oxide LaNiO3, which undergoes a metal-insulator transition as a function 

of thickness [15,16]. Prior to our study described in Chapter 5, the lowest value of the 

critical thickness for the MIT in LaNiO3 has being reported as 2 u.c [17]. In our work, we 

demonstrated that in the LaNiO3 ultrathin films grown on LaAlO3 substrate, the oxygen 

vacancies near the LaNiO3/LaAlO3 interface play a critical role in driving the films from 

metallic to insulating state, reducing the critical thickness down to 1.5 u.c, the lowest value 

reported to date [18]. 

In Chapter 6 we showed that oxygen vacancies could play a crucial role in 

determining the properties of complex oxide heterostructures. Many multifunctional 

complex-oxide heterostructures studied to date, have been shown to exhibit emergent 

electronic and magnetic properties that are not observed in the constituent materials [19-

21]. In particular, the emergence of new magnetic ground states at interfaces has gained 

considerable interest due to their potential applicability in low-dimensional spintronic 
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devices. One such example is the LaNiO3/CaMnO3 system, wherein the interface exhibits 

a ferromagnetic ground state, although LaNiO3 is a paramagnetic metal and CaMnO3 is an 

antiferromagnetic insulator in the bulk [22-24].The above mentioned interfacial 

ferromagnetism has been attributed to the presence of two distinct electronic mechanisms: 

the Mn4+-Mn3+ double exchange interaction in the interfacial CaMnO3 layer and the Ni2+-

O-Mn4+ superexchange interaction at the interface between the LaNiO3 and CaMnO3 layers 

[22].The competition between these two mechanisms can be influenced by tuning the 

thickness of the LaNiO3 layer through the critical MIT thickness, as discussed in Chapter 

5.  

 Both of the above-mentioned mechanisms require an interfacial charge 

reconstruction, which results in transition-metal cations with the valence states other than 

the formal valence states of the stoichiometric compounds (LaNi3+O3 and CaMn4+O3). In 

this thesis we used a combination of SW-XPS, XAS, and STEM to investigate the depth-

dependent evolution of the charge redistribution across the interface of a (4 u.c. LaNiO3/4 

u.c. CaMnO3)15 superlattice [25]. Our measurements revealed the presence of increased 

amounts of  Mn3+ and Ni2+ cation concentrations at the LaNiO3/CaMnO3 interface, 

suggesting the coexistence of competing Mn3+-Mn4+ double exchange and Ni2+-O-Mn4+ 

superexchange interactions at the interface. Possible origins of the observed interfacial 

charge reconstruction, including oxygen vacancies and charge leakage across the interface, 

were discussed. Our work shows that engineered defects, such as oxygen vacancies, could 

function as an important tuning parameter for the emergent functionalities in complex 

metal oxide thin films and heterostructures. 
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