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Perovskite oxides (ABO3) show wide range of functionalities originating from interplay 

of structural, spin, charge, and orbital degrees of freedoms. The bulk perovskite structure could 

be controlled via conventional chemical substitution, though exploiting heterostructure 

engineering novel ground states could be observed which otherwise are absent in bulk. In this 

thesis, the interest is to explore the electro-magnetic phenomena as complex oxides are confined 

in heterostructures. 

I first investigate electromagnetic properties of ultrathin epitaxial ruthenate: SrRuO3 

(SRO); spatially confined between SrTiO3 (STO) i.e., STO5-SROn-STO5 with n = 1- and 2-unit 

cells. It is shown that STO5-SRO2-STO5 heterostructure is nearly stoichiometric, metallic, and 

ferromagnetic with TC ~ 128 K, even though it lacks characteristic bulk-SRO octahedral tilts. In 

contrast, STO5-SRO1-STO5 is accompanied by a loss of metallicity and ferromagnetism, though 

octahedron remains non-tilted. However, STO5-SRO1-STO5 exhibits a substantial interface 

induced Ti-Ru intermixture, which is responsible for the loss of metallicity and ferromagnetism. 

The results highlight role of B-site non-stoichiometry and interface-induced intermixture. 

Next, we report the emergent electro-magnetic properties in ultrathin CaRuO3 films by 

unique “δ-doping” engineering i.e., atomically replacing A-site with single SrO layer, though 

keeping identical B-site (Ru). While bulk CaRuO3 is metallic and nonmagnetic, the films 

confined to thickness of ~15-unit cells (u.c.) are insulating and remain nonmagnetic. However, δ-

doping of SrO to middle of CaRuO3 films induces an insulator-to-metal transition and unusual 

ferromagnetism, while retaining bulk-orthorhombicity. Through, atomically resolved structural 

analysis, density-functional-theory calculations as well as transport and magneto-transport, we 

find that emergent magnetic ordering is coupled to subtle electronic and structural effects 

introduced via A-site cation. 
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To further investigate effect of A-site on ruthenates functionalities, we employ 

heterostructure engineering to stabilize Sr1-xBaxRuO3  (0 < x < 0.7) films. The strain-stabilized 

Ba substitution transmutes lattice symmetry from bulk-like orthorhombic (x = 0) to cubic phase 

(x = 0.2) without RuO6 rotations. The cubical film exhibits robust ferromagnetic ordering (Tc = 

145 K) with a strong perpendicular magnetic anisotropy. Though, increased Ba-substitution 

significantly condenses the ferromagnetism, suggesting that besides determining octahedral 

distortion, the A-site introduces certain entangled electro-magnetic effects that greatly affect the 

ruthenates magnetic ordering.
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1.1 Introduction 

The term "Perovskite" originated from a mineral with the chemical formula CaTiO3 

(calcium titanium oxide) and is named after Count Lev Aleksevich Von Perovski [1]. With time, 

numerous compounds were discovered possessing similar crystal structures as that of CaTiO3, 

and nowadays perovskite designates a large number of compounds that adopt crystal structures 

analogous to CaTiO3. Generally, perovskites have the formula ABO3, where A is a big cation, B 

is a medium cation and O is oxygen. Cation A is usually alkali metal ion, or rare-earth 

lanthanoid, and B cation is transition metal. Perovskites are fundamentally attractive due to 

wide-spectrum functionalities, such as ferroelectricity, ferromagnetism, anti-ferromagnetism, 

colossal magnetoresistance, superconductivity, and piezoelectricity [1,2]. 

 

Figure 1.1. Crystal structure of perovskite. (a) B-cation at the cubic-cell center, and (b) A-
cation at the center of unit-cell. 

The ideal perovskite structure is cubic such as SrTiO3, but this is rare. There are two 

overall methods to represent cubic unit cell. At first, the origin of coordination is considered at 

the location of the A-atom (Sr atom) (0, 0, 0). The B-cation (Ti-atom) resides at center (½, ½, 

½), and oxygen atoms are at face centers as in Figure 1.1(a). Thus, B-cation (Ti4+) is 6-fold 

coordinated to the O2- ions, hence forming an octahedron, while A-atom residing in the 



2 
 

interstices is coordinated to 12 anions. However, sometimes, it is beneficial to move the origin to 

the B-site. In this case, the large A-atoms, are now positioned at the unit cell center (½, ½, ½), 

while oxygen is placed between the B-atoms [see Figure 1.1(b)]. 

1.2 Structural Distortion 

The ideal perovskite structure is cubic, though most perovskites exhibit various types of 

structural distortions due to mismatch between A and B cations radii, leading to a lower 

symmetry structure such as tetragonal, orthorhombic, monoclinic, triclinic, and rhombohedral. 

The prediction criteria for distortion is given by the tolerance factor (t) suggested by 

Goldschmidt as [1]: 𝑡𝑡 = 𝑟𝑟𝐴𝐴+𝑟𝑟𝑜𝑜
√2(𝑟𝑟𝐵𝐵+𝑟𝑟𝑜𝑜). Here, 𝑟𝑟𝐴𝐴, 𝑟𝑟𝐵𝐵 are A and B cations radii, respectively, and 𝑟𝑟𝑜𝑜 

oxygen radius. If we have 0.9 < t < 1, then a cubic perovskite structure is preferred. If t  = 0.71-

0.9, then A-site is too small, which leads to a strain upon the octahedral network. The strain is 

accommodated via BO6 octahedral rotations, leading to lower-symmetry structures. The 

decreased crystal symmetry is more often associated with the distortions that emerge in form of 

octahedral rotations, which are explained by Glazer notation [3]. On other hand, t > 1 implies a 

very large A-site or very small B-site, consequently, hexagonal and tetragonal structures are 

preferred. In this case, the off-centering of B-cation in the BO6 octahedral could be observed. 

Lastly, in some systems, the electronically-driven distortions of octahedral (shape distortion) 

caused by a Jahn-Teller effect are also present. Three kinds of distortions might happen 

independently or can emerge collectively. These structural distortions are not only important in 

the perspective of crystallography but also post significant effects on the physical properties. 

1.2.1 Octahedron Rotations 

The most extensive distortions in perovskites are rotations of the octahedron. This kind of 

distortion is typically related to the placement of small A cations (t < 1), hence, the BO6 

octahedra rotates to efficiently decrease perovskite cavity dimensions. Glazer notation is 
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employed to describe these octahedral rotations/tilts [3]. In Glazer notation, a tilt system is 

designated by rotations of the octahedron around three orthogonal pseudo-cubic crystallographic 

axes. Glazer notation utilizes three labels 𝑎𝑎𝑥𝑥 𝑏𝑏𝑥𝑥𝑐𝑐𝑥𝑥, where a, b or c denotes crystallographic axes 

[see Figure 1.2(a)]. The superscript 𝑥𝑥 refers to whether adjacent octahedral can rotate in-phase 

(+), out-of-phase (–), or no rotation (0). Therefore, BO6 could remain unrotated (𝑥𝑥 = 0) [Figure 

1.2(b)], or the octahedra could rotate in-phase ( 𝑥𝑥 = +) [Figure 1.2(c)] or out-of-phase (𝑥𝑥 = −) 

[Figure 1.2(d)]. An additional parameter is the specification of rotation magnitude about an axis 

relative to the other crystallographic axes. The rotation angle magnitude is signified by α, β, or γ, 

respectively. The relative magnitudes are represented by letters a, b, or c, respectively, for 

example, aac implies equal rotations about [100] and [010] axes and different one around [001]. 

 

Figure 1.2. (a) Schematics of Glazer rotations. (b) no rotations, (c) in-phase, and (d) out-of-
phase octahedral rotation. 

 It should be noted that distortion is dependent on the fact that the octahedral has to 

strictly preserve its corner connectivity, while approximately upholding its regularity. The 

undistorted perovskite shows 𝑎𝑎0𝑎𝑎0𝑎𝑎0, where α = β = γ = 0°, as in Figure 1.2(b). Two of the 

simplest examples of rotations are 𝑎𝑎0𝑎𝑎0𝑐𝑐+ and 𝑎𝑎0𝑎𝑎0𝑐𝑐−. In case of 𝑎𝑎0𝑎𝑎0𝑐𝑐+ tilt system, it implies 

no rotation about a, and b axes, while rotation is in-phase around the c-axis [Figure 1.2(c)]. 

While in 𝑎𝑎0𝑎𝑎0𝑐𝑐−, [Figure 1.2(d)], the octahedral along the c-axis, and the underlying octahedral 

(viewing into the page) rotate oppositely. 
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1.2.2 Electronic Structure Variation 

In the perovskite structure (ABO3), the B-site cation is selected from transition metal with 

d-orbitals. Since B site cation is always surrounded by 6 oxygen anions, the Coulomb repulsion 

among d orbital electrons and the surrounding oxygen p orbital electrons produce a crystal field. 

Consequently, the five-fold d-band degeneracy is partially lifted. Thereby, in an ideal 

octahedron, the orbitals split into two states: a 3-fold degenerate lower-energy 𝑡𝑡2𝑔𝑔 consisting of 

the 𝑑𝑑𝑥𝑥𝑥𝑥,𝑑𝑑𝑦𝑦𝑦𝑦 ,𝑑𝑑𝑥𝑥𝑥𝑥 orbitals and a 2-fold degenerate higher energy 𝑒𝑒𝑔𝑔 orbitals 𝑑𝑑𝑥𝑥2−𝑦𝑦2 ,𝑑𝑑𝑧𝑧2. The d-

orbitals in an BO6 octahedral unit point towards or between the oxygens, whereas the lobes of 

𝑡𝑡2𝑔𝑔 comprising  𝑑𝑑𝑥𝑥𝑥𝑥,𝑑𝑑𝑦𝑦𝑦𝑦 ,𝑑𝑑𝑥𝑥𝑥𝑥 lies in 𝑦𝑦𝑦𝑦, 𝑥𝑥𝑥𝑥, and 𝑥𝑥𝑥𝑥 planes, respectively. However, the oxygen p-

orbitals are along either 𝑥𝑥, y, 𝑜𝑜𝑜𝑜 𝑧𝑧 axes, therefore 𝑡𝑡2𝑔𝑔 orbitals �𝑑𝑑𝑥𝑥𝑥𝑥,𝑑𝑑𝑦𝑦𝑦𝑦 ,𝑑𝑑𝑥𝑥𝑥𝑥� being at some 

distance from p-orbitals experiences lower repulsion. As a result, these 𝑡𝑡2𝑔𝑔 are degenerate and 

are lower in energy. On the other hand, the 𝑒𝑒𝑔𝑔 manifold comprising 𝑑𝑑𝑧𝑧2 and 𝑑𝑑𝑥𝑥2−𝑦𝑦2 orbitals are 

directed along bonding axes and hence have stronger overlap with O-p orbitals, leading to strong 

repulsion from ligands and hence higher energy. 

Consider a transition metal ion having an odd number of electrons in outmost 𝑒𝑒𝑔𝑔 orbitals, 

for example, 𝑀𝑀𝑛𝑛3+;  𝑑𝑑4: 𝑡𝑡2𝑔𝑔3 , 𝑒𝑒𝑔𝑔1 have a degenerate ground state since it has two possible equal 

electron distributions. In this scenario, one of the electrons could go into either 𝑑𝑑𝑥𝑥2−𝑦𝑦2 or 𝑑𝑑𝑧𝑧2, 

leading to degenerate ground state energy. In 1937, Hermann Jahn and Edward Teller articulated 

that a metal-ion possessing a symmetrical atomic configuration and a degenerate ground state is 

unstable, therefore it undergoes a distortion to achieve lower energy, lifting the electronic 

degeneracy [1]. For example, a structural distortion can occur in the form of compression or 

elongation of BO6 octahedra as shown in Figure 1.3. Therefore, via compression or elongation of 

the octahedra, the degeneracy is lifted by an additional splitting of the 𝑡𝑡2𝑔𝑔 and 𝑒𝑒𝑔𝑔 states. 

Octahedral elongation in so called Jahn Teller effect occurs when the degeneracy is lifted via 
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lowering of energy (achieving stability) of the d orbitals possessing a z-component, whereas the 

d-orbitals without z-component undergo a destabilization thus having higher energy. In the JT 

effect, due to 𝑑𝑑𝑥𝑥2−𝑦𝑦2 antibonding nature, the 𝑑𝑑𝑥𝑥2−𝑦𝑦2 increases its energy (while 𝑑𝑑𝑧𝑧2 is lowered in 

energy) because of elongation. 

 

Figure 1.3. Schematic diagram of crystal field splitting and Jahn-Teller effect on d-electron 
energy levels for a B-site cation in an octahedra. 

1.2.3 B-cation Displacement 

This type of distortion could be pictured as in which the oxygen cage of BO6 preserves its 

shape (or almost) but the B-cations undergo a displacement away from their central position of 

the octahedra.  The B-cation displacement effect applies to nonlinear molecules having a 

nondegenerate ground state. As a result, the octahedral distortion happens which assists in a 

mingling of the ground state and excited state, thereby resulting in the lowering of ground state 

energy. The modification in symmetry is brought via the displacement of B-cation for example, 

BaTiO3. To have a maximum degree of symmetry, the B-cation displacement should be along 
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octahedron symmetry axes [Figure 1.4]. The associated displacement give rise to electric dipoles, 

leading to ferroelectric effect. 

 

Figure 1.4. The potential shifts of B-site cation along three symmetry axes of an octahedral 
cage. 

1.3 Manipulation of Perovskite Structures 

The perovskite functionalities are mostly ascribed to the corner-sharing BO6 octahedral 

unit. The distortion of the octahedral unit in form of rotation angles (varying B-O-B bonding 

angle), BO6 size and shape (B-O bond lengths), and its connectivity can modify the chemical 

bonds and orbital hybridization via altering the transition metal (B-site) d-orbitals and oxygen 

2p-orbitals overlap, thereby impacting perovskite properties. This section, therefore, provides 

details on perovskite structural manipulation via employing the epitaxial thin films approach. 

The epitaxial-strain engineering route to control and manipulate the perovskite oxides is 

explained. Besides, the interfacial-octahedral coupling route as an additional parameter to 

modify octahedra near the hetero-interface is discussed. 

1.3.1 Epitaxial Strain Engineering 

Thin-film epitaxy is the development of a single crystal material on a single crystal 

surface. The epitaxial approach is categorized into two types: (1) homoepitaxy, where both film 

and substrate belong to similar material, and (2) heteroepitaxy - when two are different. In 
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epitaxial film growth, because of lattice mismatch, the film undergoes strain given as ε𝑥𝑥𝑥𝑥 =

𝑎𝑎𝑠𝑠𝑠𝑠𝑠𝑠 –𝑎𝑎𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏
𝑎𝑎𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

. Here, 𝑎𝑎𝑠𝑠𝑠𝑠𝑠𝑠 and 𝑎𝑎𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 are pseudo-cubic lattice parameter of substrate and the film 

(material to be deposited), respectively. 

 

Figure 1.5. Illustration of (a) compressive, and (b) tensile strain. 

 If the lattice spacing of the material to be deposited (𝑎𝑎𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 ) is greater than the substrate 

lattice spacing (𝑎𝑎𝑠𝑠𝑠𝑠𝑠𝑠), the film experiences compressive strain [Figure 1.5(a)]. However, if the 

lattice spacing 𝑎𝑎𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏  of the material to be deposited is smaller than the lattice spacing of the 

substrate 𝑎𝑎𝑠𝑠𝑠𝑠𝑠𝑠, the film undergoes tensile strain [see Figure 1.5(b)]. The epitaxial film growth 

enforces the growing thin-film material to have an identical in-plane lattice constant. In the 

situation of dissimilar lattice constants, the thin film attempts to have the similar in-plane lattice 

parameter, thereby initiating structural modifications in form of unit cell parameters. The 

modified in-plane film lattice parameter outcomes in a unit-cell distortion in such a way that the 

out-of-plane lattice parameter is modified to conserve the unit-cell volume. Thus, in the 

compressive strain case, the film inplane parameter undergoes compression, while the out-of-

plane parameter elongates. In contrast, tensile strain results in the in-plane parameter expansion 

and compression of the out-of-plane lattice parameter. Such modification in lattice parameters 

directly proposes that the structural symmetry of the film is changed from its bulk counterpart. 

A considerable portion of modification in the film unit cell induced by epitaxial stresses 
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is accommodated via changing the octahedral size, and shape (B-O bond lengths are altered). At 

the same time or otherwise, the octahedra unit can accommodate the changes via changing the 

octahedral rotation/tilt pattern. The underlying substrate plays a pivotal part in defining the 

octahedral rotations/tilt pattern of the film. For example; the orthorhombic SrRuO3 as a result of 

compressive strain displays a distorted orthorhombic structure (monoclinic) with 𝑎𝑎+𝑎𝑎–𝑐𝑐– tilt 

system  [4,5]. In contrast, orthorhombic SrRuO3 under tensile strain on DyScO3 (orthorhombic) 

changes to a unit cell with 𝑎𝑎+𝑎𝑎–𝑐𝑐0 tilt system [4,5]. Therefore, the orthorhombic perovskites 

with controlled epitaxy provide an efficient engineering platform to tune the lattice structure, 

which in turn modifies the bandwidths and electro-magnetic interactions. 

1.3.2 Interfacial Octahedral Coupling 

Besides providing an epitaxial strain, the perovskite substrate enforces a certain 

constraint that octahedral should preserve the corner connectivity. Therefore, the octahedral 

corner-connectivity constraint permits the octahedral rotations/tilts existing in the substrate or 

buffer layer to be transported across the interfaces [6–8]. In other words, at the heteroepitaxial 

interface between two perovskite oxides, the octahedral tilt patterns must match to preserve 

octahedral connectivity. Therefore, the hetero-interfacial octahedral coupling in conjunction with 

strain offers a systematic approach to tune the octahedral connectivity, and tilt/rotations. In this 

regard, an important parameter is the distance over which octahedral rotations/tilt patterns 

penetrate, normally 7-8-unit cells, though it is material dependent. Nevertheless, the interface 

engineering approach enforces the octahedra to distort, and modify rotation/tilt patterns, while 

maintaining corner connectivity near substrate-film heterojunction, thereby offering the 

opportunity to tune the octahedral behavior and achieve new functionalities. 
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Figure 1.6.  Schematic representation of interfacial octahedral coupling for decreased 
symmetry film on a cubic substrate. 

1.4 Materials of Interest 

Electro-magnetic interaction coupling to lattice structure is one of the most complicated 

subjects in condensed matter and perovskite ruthenates: ARuO3 (A = Ba, Cr, or Sr) are an 

example of such intricacy. In this thesis research, I will exploit thin films of the ruthenates since 

they display various facets of electronic and magnetic behavior. 

1.4.1 Strontium Ruthenate 

The 4d transition metal oxide-SrRuO3 (SRO) is a 4d mixed itinerant ferromagnet [9] 

having a bulk TC ~ 160 K and orthorhombic structure [see Figure 1.7(a)], driven via ionic 

�Sr �1.18 Å�, Ru �0.62 Å�� radii mismatch, leading to octahedral rotations. The orthorhombic 

SRO lattice parameters are: a = 5.56 Å, b = 5.53 Å, and c = 7.84 Å with a pseudocubic lattice 

parameter of apc = 3.93 Å [10].  The orthorhombic unit-cell 𝑎𝑎𝑜𝑜 ≠ 𝑏𝑏𝑜𝑜 ≠ 𝑐𝑐𝑜𝑜 and α =  β =  γ  is 

related to pseudocubic unit cell as 𝑎𝑎𝑜𝑜 = √2 𝑎𝑎𝑐𝑐, 𝑏𝑏𝑜𝑜 = √2 𝑎𝑎𝑐𝑐 , and 𝑎𝑎𝑜𝑜 = 2 𝑎𝑎𝑐𝑐. 

In Glazer notation, the tilt system a+b−c− (Pbnm space group) can define the octahedral 

rotation patterns of bulk SRO. For bulk, the tilting angle is defined as (180°– φ) 2⁄ , where φ 

represents Ru-O-Ru bond angle along the longer orthorhombic-cell c-axis. The SRO holds a Ru-
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O-Ru bond angle of 163°, which corresponds to a tilt angle of 8.5°, while averaged rotation angle 

is ∼5°. It should be emphasized that if we increase the temperature to 550°, then the octahedral 

RuO6 distortion decreases, leading to a tetragonal structure, where now the octahedra rotate only 

about [001] as described by 𝑎𝑎0 𝑎𝑎0 𝑐𝑐−. Additionally, at 680°, the remaining octahedral rotations 

completely vanish, leading to an ideal cubic perovskite [11,12]. 

 

Figure 1.7. Crystal structure of (a) SrRuO3, (b) CaRuO3, and (c) BaRuO3. 

In discussing the electronic structure, we start with a localized d-electron picture, where 

SRO possess Ru4+ ions. The five degenerate d orbitals undergo octahedral ligand field splitting 

as the Ru-4d states split into three-fold degenerate 𝑡𝑡2𝑔𝑔 manifolds (lowered energy) and two-fold 

degenerate 𝑒𝑒𝑔𝑔 manifolds (higher energy). In presence of a crystal field, the 𝑡𝑡2𝑔𝑔 state is lower than 

the 𝑒𝑒𝑔𝑔, leading to a low spin configuration having (4𝑑𝑑4: 𝑡𝑡2𝑔𝑔
3 ↑,1↓ 𝑒𝑒𝑔𝑔0;𝑆𝑆 = 1). The energy gap 

between 𝑡𝑡2𝑔𝑔 and 𝑒𝑒𝑔𝑔 is approximately ~3-4 eV, thereby a large crystal field energy stops 𝑒𝑒𝑔𝑔 from 

occupancy. This, seems reasonable, since low spin magnetization outcomes in 2 𝜇𝜇𝐵𝐵 per Ru. 

However, the experimental magnetic moment is ~1.6 𝜇𝜇𝐵𝐵/Ru [12]. The decreased magnetic 

moment is attributed to the extremely stretched Ru 4d orbitals, leading to substantial O (2p)-Ru 

(4d) hybridization. The hybridization of Ru(4d)-O(2p) is corroborated as approximately ~70% of 
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net ordered moments originate from the Ru-site and rest from O site [13–15]. 

 

Figure 1.8. The total (gray line) and partial (shaded) spin-resolved densities of states for cubic 
SRO. (a) Cubic and (b) Orthorhombic, and (d) (c) orthorhombic SRO calculate with U=1eV. 
Sr 4d states (top), Ru 4d states (middle) [t2g and eg (unshaded bold line) symmetries are 
represented], and O 2p states (lower). The dashed line at 0 eV denotes the Fermi level 
(Reproduced from reference [13]). 

The ground state of SRO is explained via the so-called Stoner criterion 𝑈𝑈 D(E𝐹𝐹) ≥ 1, 

where U is the intra-site Coulomb repulsion and D(E𝐹𝐹) the Fermi-level density of states. In the 

Stoner framework, for SRO in an idealized cubic crystal structure, a van Hove singularity peak 

arises in the density of states exactly at the Fermi energy mainly from flat Ru 4d 𝑡𝑡2𝑔𝑔 bands 

hybridized with O 2p states [Figure 1.8(a)]. While the 𝑒𝑒𝑔𝑔 orbitals are formed at the lowest section 

of the valence/conduction bands [Figure 1.8(a)], and above the fermi energy at 5 eV, the Sr 4d 

states originate. Though, a structural distortion to its actual orthorhombic structure lifts the 

degeneracy from Ru 4d 𝑡𝑡2𝑔𝑔 levels, consequently a small splitting of the van Hove peak. 

However, the D(E𝐹𝐹) remains large [see Figure 1.9], thereby so called Stoner criterion: 

U D(E𝐹𝐹) >  1 is fulfilled [13,14]. 

The octahedral distortions result in a decrease in Ru 4d-O 2p overlap, but also narrows 

the bandwidths to some extent [Figure 1.8(b)].  The SRO, being the 4d-based transition metal 
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oxide is supposed to have an intermediate U and spin-orbit coupling in comparison to 3d and 5d 

counterparts, which display robust U and spin-orbit coupling. As per Rondinelli et al. [13], the 

Hubbard term U =  0.6 eV best describes bulk SRO electronic structure. Though, if effective 

strength is 𝑈𝑈 = 1 eV, the bands become narrow possessing energy gaps in both spin-up and spin-

down channels. The presence of electronic correlations outcomes in a ~70% reduction in the total 

Fermi-level DOS in LSDA+U in comparison to LSDA. With LSDS+U, the Ru 4d states 

contribution is completely triggered by the minority spin electrons, and the system is almost half-

metallic, though for U > 2 eV, majority-spin 𝑡𝑡2𝑔𝑔 becomes insulating, while one-third filled 

minority 𝑡𝑡2𝑔𝑔 is conducting, consequently SRO becomes a half-metal. 

In the bulk perovskite oxide system, the oxygen octahedral environment is generally 

controlled via chemical substitution, hydrostatic pressure, and temperature. Yet, the challenge to 

engineer perovskite functionalities stimulates finding innovative synthesis routes to manipulate 

the crystal structure. Along this line, the artificial heterostructures approach provides additional 

freedom to engineer the octahedral unit and lattice structure [6–8]. The epitaxial strain 

engineering approach is extensively employed in SRO to manipulate the octahedral environment; 

however, the strain is a long-range effect, thereby atomic-scale control octahedral modification is 

difficult [4,5]. The epitaxial strain engineering studies have revealed that SRO film on SrTiO3 

(001) (compressive strain) shows a distorted orthorhombic unit cell (monoclinic), however on 

DyScO3 (compressive strain, orthorhombic substrate) changes to tetragonal, respectively. 

Epitaxial strain engineering introduces freedom to manipulate the structural distortion due to 

elastic strain energy accommodation because of structural mismatch between film and substrate. 

It is widely supposed that strain-induced octahedral modifications are the cause of emergent 

properties arising in the heterostructures. 

Recently, innovative studies have shown that via a so-called interfacial octahedral 
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coupling effect, where due to the preservation of octahedral corner-connectivity at the hetero-

interface, the octahedral tilts from the substrate or buffer layer could be transported into the 

film [6–8]. The studies have revealed that a capping layer modifies the octahedral rotation of 

SRO, leading to Tc enhancement [16]. Likewise, via a buffer layer, the magnetic functionality of 

SRO could be tuned due to the modified Ru-O-Ru angle [6]. Therefore, the heterostructure 

engineering approach enforces the octahedra to distort (B-O bond length), and modify 

rotation/tilt patterns (B-O-B bond angle), while maintaining corner connectivity at or near the 

substrate-film heterojunction, thereby offering the opportunity to tune the octahedral behavior 

and achieve new functionalities. The aforementioned methods are though efficacious for Ru-O-

Ru bond angle and crystal symmetry modification, yet the understanding of octahedral geometry 

and its relation to ruthenates electronic and magnetic properties is far from clear. 

1.4.2 Calcium Ruthenate 

The CaRuO3 (CRO) is iso-structural (orthorhombic), iso-valent, and iso-electronic with 

SRO, however, CRO does not display ferromagnetism, rather it is paramagnetic metal [17]. 

Structurally speaking, CRO has orthorhombic symmetry having a = 5.36 Å, b = 5.54 Å, c = 7.68 

Å, and apc = 3.84 Å, with octahedral-rotation pattern a+b−c− (Pbnm space group). As per the 

phase diagram, CRO resides close to the quantum critical region [18]. Given its proximity to the 

magnetic quantum critical point [19], CRO is contended to possess ferromagnetism by means 

such as chemical doping [20–22], disorder/defects [23], and epitaxial strain [24–26]. These 

findings suggest that ferromagnetic behavior in CRO is non-intrinsic. 

Although, both CRO and SRO are orthorhombic, yet different sized ion (Sr, Ca being 

smaller) placement results in distinct Ru-O-Ru angles of SRO (163°) and CRO (148°). The 

contrasting magnetic ground state of SRO and CRO are considered to root in their different 

structural distortion. The significant difference in Ru-O-Ru bond angle of SRO (163°) and CRO 
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(148°) can have drastic effects on the Fermi-level DOS. The electronic band structure calculation 

of CRO establishes that the splitting of the van Hove peak in D(E𝐹𝐹) is comparatively large [see 

Figure 1.9], leading to a smaller D(E𝐹𝐹), even though total 𝑡𝑡2𝑔𝑔 band width is smaller [13,14].  

Furthermore, the peaked density of state location is below the Fermi energy, consequently, the 

Stoner criterion is no longer met. 

 

Figure 1.9. Densities of states in the t2g band for SrRuO3 in the cubic and orthorhombic 
structure, and of CaRuO3 (adapted from reference [14]). 

As per Mukuda et al. [27], a Stoner factor of 0.98 is found for CRO, implying its nearly 

ferromagnetic. Furthermore, it is worth noting that the 𝑡𝑡2𝑔𝑔 band width of CRO is nearly 10% 

smaller (total band width of ~2.4 eV with 𝑑𝑑𝑥𝑥𝑥𝑥,𝑑𝑑𝑦𝑦𝑦𝑦 ,𝑑𝑑𝑥𝑥𝑥𝑥 band width ranging between ~2.3-2.4 eV) 

as compare to SRO (total band width of ~3 eV with 𝑑𝑑𝑥𝑥𝑥𝑥,𝑑𝑑𝑦𝑦𝑦𝑦,𝑑𝑑𝑥𝑥𝑥𝑥 having similar band width ~2.7 

eV) [28]. Qualitatively, the bandwidth is defined as 𝑊𝑊 ∝ cosΦ

 ζ3.5 , where Φ = π–θ

2
 is a deviation 

from ideal B-O-B angle i.e., θ = 180° and ζ is B-O bond length. Therefore, a larger deviation in 

CRO from 180° in comparison to SRO should lead to reduced bandwidth. Moreover, Ru-O-Ru 

angle also impacts the electron hopping (𝑡𝑡 ∝ 𝑤𝑤), since it is maximized for 180° and decreases 

otherwise.  Moreover, the electron correlation strength given as the ratio U/W , where U is 
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Coulomb repulsion is expected to be larger for CRO, making CRO more correlated. 

In Sr1−𝑥𝑥Ca𝑥𝑥RuO3, the ferromagnetic interaction gradually diminishes with increasing 𝑥𝑥 

[Figure 1.10]. The suppression of ferromagnetism as per Jin et al. [29] is associated so-called 

Griffith phase (GP) as evidenced by anomalous behavior in magnetic susceptibility. Since the 

nominal electron counting is not changing, the evolution of the structure or bonding nature of 

dopants appears to be the primary cause. Therefore, accurate determination of bond geometry is 

vital. Therefore, the robust coupling among crystal structure and physical properties stresses on 

the ability to control the octahedral distortions to enhance material functionalities and address the 

role of structure in the spin configuration in ruthenates. 

1.4.3 Barium Ruthenate 

In the band magnetism picture �𝑊𝑊 ∝ cosΦ

 ζ3.5 � for a cubic symmetry because of enlarged 

D(E𝐹𝐹) existing exactly at the Fermi level, a maximized Tc is anticipated. Though, the validity of 

this model is controversial for the ruthenates. As reported by Jin et al. [29] placement of larger 

Ba atom at A-site though increases the structural symmetry to idealized cubic structure: BaRuO3 

(Ru-O-Ru =180°), yet BRO is ferromagnetic metal having a lowered TC = 60 K [see Figure 

1.10]. It is worth noting the BRO TC is much smaller than SRO counterpart (TC ~ 160 K). 

Moreover, the hypothesis that high distortion triggers smaller bandwidth, thereby favoring bad 

electron itinerant nature (enlarged electrical resistivity; ρ) and vanishing ferromagnetism is 

neither applicable to electrical resistivity (ρ), since SRO has smallest ρ than BRO. From the 

series of Sr1−𝑥𝑥Ba𝑥𝑥RuO3 [right side of Figure 1.10] and Sr1−𝑥𝑥Ca𝑥𝑥RuO3 [left side Figure 1.10], 

the reduction of Tc is very obvious, though the decrease is caused by different mechanisms. 

In the series of Sr1−𝑥𝑥Ba𝑥𝑥RuO3, a typical Curie-Weiss behavior is maintained 𝑇𝑇 > Tc [see 

inset of Figure 1.10]. In ruthenates, there exists a strong competition between the A-O and B-O 

bonds for the O-2p electron, whereas the electronegativity reduces: Ca > Sr > Ba. It is 
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conjectured that due Ba-cation stronger ionic character, the Ba-O bond does not compete very 

strongly for the shared O-2p electron, hence strengthening the Ru-O bond and broadens the 

bandwidth, which reduces the ferromagnetic transition temperature. The underlying results imply 

that a comprehensive understanding of electro-magnetic functionalities coupling to crystal 

structure in ruthenates remains incomplete due to convoluted twinning of octahedral tilt (Ru-O-

Ru angle), A-O and Ru-O bond-length variation, and covalency (A-O and Ru-O). 

 

Figure 1.10. Phase drawing of the transition temperatures for bulk Sr1-xAxRuO3 (A = Ca or 
Ba). The green shaded area represents the characteristic of Griffiths’ phase. 

1.5 Dissertation Organization 

Chapter 1 provides a brief introduction to perovskite oxides and manipulation of 

perovskite functionalities by employing thin-film epitaxy. The thin film engineering routes for 

example; epitaxial strain engineering, and interfacial octahedral coupling are presented. This 

chapter also describes the research motivation and a summary of the materials used in the 

project. 

Chapter 2 is devoted to the theoretical background of magnetism to deliver essential 

contextual information and conceptual understanding. 
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Chapter 3 provides a detailed overview of the experimental techniques employed in this 

work. This chapter is divided into the following: perovskites film growth kinetics, structural, 

magnetic, and electron-transport characterization. 

Chapter 4 focuses on ultra-thin complex-metal oxide SrRuO3 confined in heterostructure 

form between SrTiO3 (STO) i.e., STO5-SROn-STO5 with n = 1- and 2-unit cells, and the 

corresponding impact on electro-magnetic properties. I found that with heterostructure 

engineering, the electric and magnetic properties of monolayer SrRuO3 are profoundly affected 

by interfacial-intermixture. The results highlight the role of B-site non-stoichiometry and 

interface-induced intermixture in determining the electro-magnetic functionalities of spatially 

confined materials. 

Chapter 5 details the emergence of unusual, thickness-dependent electro-magnetic 

properties in ultrathin CaRuO3 films by unique δ-doping heterostructure engineering i.e., 

insertion of a single isovalent SrO layer. It is revealed that pristine CaRuO3 films while retaining 

non-magnetic character become insulting when confined to a thickness of ~15-unit cells (u.c.). 

However, the novel δ-doping induces an insulator-to-metal transition and unusual 

ferromagnetism. The results highlight the delicate nature of magnetic ordering in CaRuO3 and 

the subtle effects that can alter it, especially the role of A-site cation in electronic and magnetic 

structure in addition to lattice distortion in ruthenates. 

Chapter 6 focuses exploitation of epitaxial strain engineering to stabilize a robust cubic-

ferromagnetic perovskites system in SrRuO3. We show that using strain stabilized Ba 

implantation in SrRuO3, the crystal symmetry could be continuously transmuted from bulk-like 

orthorhombic to cubic-like phase. The cubical perovskite epitaxial film exhibits robust 

ferromagnetic ordering (Tc = 145 K) with a strong perpendicular magnetic anisotropy. The 

present observations advocate prospect of octahedral engineering in emergent functionalities .
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This chapter is focused on a detailed conceptual background theory of magnetism. 

2.1 Magnetic Orders 

A magnetic material comprises larger number of atoms with magnetic moments. Hence, 

the total magnetic moment in a volume of material is the summation of all magnetic moments 

within the associated volume, The average magnetic moment of electrons is usually described by 

the magnetization density 

𝑀𝑀 =  �
𝑚𝑚
𝑉𝑉

 2.1 

Here, V is material volume. In free space there is no magnetization. Hence 𝐁𝐁 =  μ0 𝐇𝐇, 

where 𝜇𝜇0 is free space permeability. Moreover, considering that an external magnetic field 𝑯𝑯 

interacts with materials, thus, in special case (linear media) the relationship between the induced 

magnetization M and the applied field is: 

𝐌𝐌 =  χ 𝐇𝐇 2.2 

Where, χ is magnetic susceptibility (dimensionless) of the material. Moreover, it is useful 

to define the material permeability, μ, degree to which a material magnetic flux density B 

responds to a magnetic field H. Hence, 𝐁𝐁 =  μ 𝐇𝐇, and thus, 𝐁𝐁 =  𝜇𝜇0(𝐇𝐇 + 𝐌𝐌), where 𝜇𝜇0  free 

space permeability, a large susceptibility. Hence, we have, μ =  𝜇𝜇0(χ + 𝟏𝟏). Materials with χ > 0 

are called paramagnetic and χ < 0 are diamagnetic. Materials with a spontaneous magnetization 

(possessing magnetization even without application of a magnetic field) generally have much 

larger χ and could be ferromagnetic, antiferromagnetic or ferrimagnetic. 

2.1.1 Diamagnetism 

Diamagnetism is a magnetic phenomenon that is exhibited by all materials holding a 

weak and negative χ <  0 magnetic susceptibility [30,31]. In most materials, electrons are paired 
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in the orbitals, and whenever, two electrons are paired together in the same orbital (one spin up 

+1/2 and the other being spin down -1/2) usually have their spin and orbital moments oriented 

such that the atom as a whole null net magnetic moment. A diamagnetic substance, even though 

comprises atoms having a null net magnetic moment, reacts in a specific mode to an external 

field. Under an external magnetic field the orbital motion of electrons (precession) changes 

(affecting the angular momentum L), and induces an opposite magnetic moment because of back 

electromotive force (lens law) [32]. Diamagnetism does not display any temperature dependence 

and hence is not affected by thermal fluctuations present in the material. Generally, a linear and 

negative magnetization with magnetic field is expected. However, magnetization and 

susceptibility versus temperature show a constant behavior. 

 

Figure 2.1. For diamagnetic material: (a) Magnetization as a function of field, (b) 
Magnetization versus temperature, and (c) Magnetic susceptibility against temperature. 

2.1.2 Paramagnetism 

Paramagnetism arises from a material holding an atom with at least one unpaired electron 

or if the atomic orbitals are incompletely occupied. In Paramagnetic materials, the atoms or 

molecules have net orbital or spin magnetic moments which tend to align parallel to the applied 

field, hence having χ > 0. Paramagnetism results from the presence of at least one unpaired 

electron spin in a material's atoms or molecules.  In valance shells, whenever an atom has free 

and unpaired electrons, a non-zero net magnetic moment exists. In this scenario, individual atom 

holds a net magnetic moment, though, the magnetic moments cannot couple together, because of 
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the thermal fluctuations 𝑘𝑘𝐵𝐵𝑇𝑇 (𝑘𝑘𝐵𝐵 is Boltzmann constant and T is the temperature) in the material 

predominantly break any coupling between dipoles, because the moments are very weak. Hence, 

the moments could be assumed independent and point in random directions. However, an 

external magnetic field aligns the moments parallel to the field [see Figure 2.2(a)] and at high 

fields, the magnetization might achieve its saturation. The degree of aligning and hence induced 

magnetization is dependent on applied field strength. Though upon removal of external field, the 

spins attain randomized alignment. Moreover, for a certain value of the applied magnetic field, 

and decreasing temperature, magnetic moments alignment is stimulated, resulting in 

amplification of the magnetization and, at 0 K, the magnetization achieves its maximum value as 

in Figure 2.2(b). 

 

Figure 2.2. (a) Magnetization versus the field, (b) Magnetization against temperature, and (c) 
inverse magnetic susceptibility versus temperature for paramagnetic materials. 

2.1.3 Ferromagnetism 

Ferromagnetism is the phenomenon of spontaneous magnetization and belongs to 

cooperatively ordered systems. Normally ferromagnetism is characterized by two parameters: (1) 

Curie temperature Tc, below which material possesses spontaneous magnetizations (finite 

magnetization even for zero applied magnetic field). Whereas, above Tc material behaves like 

paramagnetic and the magnetization vanishes when the field is removed (zero magnetization for 

a zero-value magnetic field) as in Figure 2.3(b). (2) Saturation magnetization Ms measures the 

sum of all of the parallel magnetic moments. Additionally, unlike a paramagnetic system whose 
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susceptibility diverges only at absolute zero, the susceptibility of a ferromagnetic system 

diverges at the finite Tc. Moreover, concerning the magnetization versus magnetic field (below 

Tc), the system has a spontaneous magnetization, which implies that magnetization is non-zero. 

A comprehensive understanding of ferromagnetism could be collected from the magnetic 

hysteresis loop. In the hysteresis the magnetization is plotted verses increasing/decreasing fields 

as shown in Figure 2.3(a). The maximum possible magnetization state is saturation 

magnetization (MS). Another parameter is the coercivity (Hc), which is the magnetic field 

strength desired to demolish system's magnetization state back to zero. 

 

Figure 2.3. Characteristic of ferromagnetic materials: (a) Magnetization against field, (b) 
Magnetization function of temperature, and (c) inverse magnetic susceptibility with 
temperature. 

2.1.4 Antiferromagnetism 

Antiferromagnetic systems are analogous to ferromagnetics since individual localized 

region holds a non-zero moment. Though, for Antiferromagnetism, the adjacent moments align 

antiparallel (on different sublattices), leading to zero magnetization. Generally, antiferromagnetic 

order could occur at a characteristic temperature, termed as Neel temperature (TN). 
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Figure 2.4. Schematics of Antiferromagnetism. 

2.1.5 Ferrimagnetism 

Ferrimagnetism is an exclusive kind of antiferromagnets. In ferrimagnetic systems, much 

like antiferromagnets, below TN, nearest neighboring magnetic moments are aligned antiparallel 

to each other, though due to different sublattices sizes, the magnetic moments will not be equal 

as shown in Figure 2.5. As a result, the magnetization will not cancel out. 

 

Figure 2.5. Depiction of ferrimagnetism. 

2.2 Magnetic Interactions 

In this section, different types of magnetic interaction will be explained. The occurrence 

of magnetic ordering demands that there should exist some coupling among the localized or 

delocalized moments which should lead to different magnetic orders. 

2.2.1 Dipole-Dipole Interactions 

Magnetic dipole-dipole interaction, also named dipolar coupling, refers to the interaction 

among two magnetic-dipoles. From electromagnetism, the magnetic field of a dipole is: 

𝐁𝐁dipole(𝐫𝐫)  =  
 μ0 

4 π
 

1
𝐫𝐫3

[3(𝐦𝐦. 𝐫𝐫�)𝐫𝐫� –  𝐦𝐦] 2.3 

Whereas, the energy of a magnetic dipole in a magnetic field is 𝑈𝑈 = –  𝒎𝒎.𝑩𝑩, hence 
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interaction energy of two magnetic dipoles 𝒎𝒎1 and 𝒎𝒎2 separated by r is given by: 

U =  
 𝜇𝜇0 

4 𝜋𝜋
 

1
𝒓𝒓3

[𝒎𝒎1.𝒎𝒎𝟐𝟐 – 3(𝒎𝒎1.𝒓𝒓�)(𝒎𝒎𝟐𝟐. 𝒓𝒓�)] 2.4 

In general, the interaction strength depends on magnetic moments relative orientation, 

distance between interacting dipoles, and magnitudes of individual interacting dipoles. For 

approximation, assuming 𝑚𝑚1 =  𝑚𝑚2  =  𝝁𝝁𝑩𝑩  and 𝑟𝑟 =  1 Å gives ≈  10−23 𝐽𝐽 or 0.1 meV [31]. 

This energy is insignificant compared to energy at room temperature. Numerous systems achieve 

magnetic ordering (even around 1000 K), this implies that dipolar interactions are weak and 

cannot lead to magnetic ordering for most materials.  

2.2.2 Exchange Interactions 

In a material, each atom interacts with neighboring atoms, where, the underlying 

interactions are not only magnetic dipole-dipole interaction. Generally, dipole-dipole are 

normally very tiny, and hence not sufficient enough to cause magnetic ordering. To achieve the 

high internal fields, an electrostatic interaction must be introduced, where such an interaction 

arises through exchange effects. These interactions are termed exchange interactions. The 

exchange was initially presented in the interpretation of helium atom (Z=2). The Hamiltonian for 

He atom is 

H = �–
ℏ2

2𝑚𝑚
∇1
2 –

1
4𝜋𝜋𝜀𝜀0

𝑍𝑍𝑒𝑒2

|𝑟𝑟1|�+ �–
ℏ2

2𝑚𝑚
∇2
2 –

1
4𝜋𝜋𝜀𝜀0

𝑍𝑍𝑒𝑒2

|𝑟𝑟2|�+
1

4𝜋𝜋𝜀𝜀0
𝑒𝑒2

|𝑟𝑟1– 𝑟𝑟2| 2.5 

H = H0(1) + H0(2) + H𝑒𝑒−𝑒𝑒 2.6 

Here, one for electron 1 and two for electron 2. The last term is written for the 

electrostatic interaction between the two electrons. Therefore, we have 

H0(1)  = �–
ℏ2

2𝑚𝑚
∇1
2 –

1
4𝜋𝜋𝜀𝜀0

𝑍𝑍𝑒𝑒2

|𝑟𝑟1|� 2.7 
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H0(1)  = �–
ℏ2

2𝑚𝑚
∇2
2 –

1
4𝜋𝜋𝜀𝜀0

𝑍𝑍𝑒𝑒2

|𝑟𝑟2|� 2.8 

H𝑒𝑒−𝑒𝑒  =
1

4𝜋𝜋𝜀𝜀0
𝑒𝑒2

|𝑟𝑟1– 𝑟𝑟2| 
2.9 

If the electrostatic term is neglected, then H = H0(1) + H0(2) = H0 where this is the 

sum of two hydrogen atom Hamiltonians. As electronic interactions are ignored, therefore, the 

Schrodinger equation for a single electron is 

�–
ℏ2

2𝑚𝑚
∇1
2 –

1
4𝜋𝜋𝜀𝜀0

𝑍𝑍𝑒𝑒2

|𝑟𝑟1|�  ψ𝑛𝑛𝑛𝑛𝑛𝑛(𝑟𝑟1) = 𝐸𝐸 ψ𝑛𝑛𝑛𝑛𝑛𝑛(𝑟𝑟1) 2.10 

Since it is like a hydrogen atom (here Z=2), the wavefunction solution for the ground 

state is 

 ψ100(𝑟𝑟1) =
√𝑍𝑍3

√𝜋𝜋𝑎𝑎3
𝑒𝑒−

𝑍𝑍𝑟𝑟1 𝑎𝑎�  2.11 

Here a is Bohr radius. Similarly, for the 2nd electron, we have 

ψ100(𝑟𝑟2) =
√𝑍𝑍3

√𝜋𝜋𝑎𝑎3
𝑒𝑒−

𝑍𝑍𝑍𝑍2 𝑎𝑎�  2.12 

Now, H0(1) + H0(2) = H0, therefore we expect the solution of H0 is of the form: 

ψ(𝑟𝑟1, 𝑟𝑟2 ) = ψ100(𝑟𝑟1) ψ100(𝑟𝑟2) 2.13 

Therefore, we get 

ψ(𝑟𝑟1, 𝑟𝑟2 ) =
𝑍𝑍3

𝜋𝜋𝑎𝑎3
𝑒𝑒−

𝑍𝑍(𝑟𝑟2+𝑟𝑟2)
𝑎𝑎�  2.14 

Thus, the total wavefunction with both spatial and spin parts is 

ψ(𝑟𝑟1, 𝑠𝑠1; 𝑟𝑟2, 𝑠𝑠2) = ψ(𝑟𝑟1, 𝑟𝑟2 ). χ𝑎𝑎𝑎𝑎(𝑠𝑠1, 𝑠𝑠2) = – ψ(𝑟𝑟2, 𝑠𝑠2; 𝑟𝑟1, 𝑠𝑠1) 2.15 

This implies that under exchange the total wavefunction should be antisymmetric. Thus, 

we have two possibilities, which are: 
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ψ(𝑟𝑟1, 𝑠𝑠1; 𝑟𝑟2, 𝑠𝑠2) = �
ψ𝑠𝑠𝑠𝑠𝑠𝑠(𝑟𝑟1, 𝑟𝑟2 ). χ𝑎𝑎𝑎𝑎(𝑠𝑠1, 𝑠𝑠2)

𝑜𝑜𝑜𝑜
ψ𝑎𝑎𝑎𝑎(𝑟𝑟1, 𝑟𝑟2 ). χ𝑠𝑠𝑠𝑠𝑠𝑠(𝑠𝑠1, 𝑠𝑠2)

 
2.16 

The spin state is either singlet or triplet. For a more general case, we can write the space 

part of the wave function for an electron in the ground state 𝑛𝑛 = 1, 𝑙𝑙 = 0,𝑚𝑚 = 0, and the other 

being in an excited state as labeled by 𝑛𝑛, 𝑙𝑙,𝑚𝑚.  

ψ𝑆𝑆(𝑟𝑟1, 𝑠𝑠1; 𝑟𝑟2, 𝑠𝑠2) =
1
√2

� ψ100(𝑟𝑟1) ψ𝑛𝑛𝑛𝑛𝑛𝑛(𝑟𝑟2) +  ψ100(𝑟𝑟2) ψ𝑛𝑛𝑛𝑛𝑛𝑛(𝑟𝑟1)� χ𝑎𝑎𝑎𝑎(𝑠𝑠1, 𝑠𝑠2) 2.17 

ψ𝑇𝑇(𝑟𝑟1, 𝑠𝑠1; 𝑟𝑟2, 𝑠𝑠2) =
1
√2

� ψ100(𝑟𝑟1) ψ𝑛𝑛𝑛𝑛𝑛𝑛(𝑟𝑟2)―ψ100(𝑟𝑟2) ψ𝑛𝑛𝑛𝑛𝑛𝑛(𝑟𝑟1)�χ𝑠𝑠𝑠𝑠𝑠𝑠(𝑠𝑠1, 𝑠𝑠2)  2.18 

Where, the labels denote; S = singlet and T = triplet. First, let’s consider the ground state, 

where both electrons are in 1s orbital. In this scenario, electrons occupy the identical orbitals and 

can have quantum numbers: 𝑛𝑛 = 1, 𝑙𝑙 = 0,𝑚𝑚 = 0. Moreover, the spatial wave function must be 

symmetrical, and spin singlet is only permissible, thus we have 

ψ𝐺𝐺
𝑆𝑆 (𝑟𝑟1, 𝑠𝑠1; 𝑟𝑟2, 𝑠𝑠2) =

1
√2

� ψ100(𝑟𝑟1) ψ100(𝑟𝑟2) +  ψ100(𝑟𝑟2) ψ100(𝑟𝑟1)� χ𝑎𝑎𝑎𝑎(𝑠𝑠1, 𝑠𝑠2) 2.19 

Here, S = singlet, and G represents ground state wavefunction. The solution to equation: 

H0ψ𝐺𝐺
𝑆𝑆 (𝑟𝑟1, 𝑠𝑠1; 𝑟𝑟2, 𝑠𝑠2) = 𝐸𝐸0ψ𝐺𝐺

𝑆𝑆 (𝑟𝑟1, 𝑠𝑠1; 𝑟𝑟2, 𝑠𝑠2) 2.20 

Here, we have: 

ψ𝐺𝐺
𝑆𝑆 (𝑟𝑟1, 𝑠𝑠1; 𝑟𝑟2, 𝑠𝑠2) =  

𝑍𝑍3

𝜋𝜋𝑎𝑎3
𝑒𝑒−

𝑍𝑍(𝑟𝑟2+𝑟𝑟2)
𝑎𝑎� χ𝑎𝑎𝑎𝑎(𝑠𝑠1, 𝑠𝑠2) 2.21 

Hence, one gets the ground state energy for 2 electrons; 

𝐸𝐸0 = – 2
𝑚𝑚

2ℏ2 �
𝑍𝑍𝑍𝑍2

4𝜋𝜋𝜀𝜀0
�
2

  2.22 

Since Bohr radius is: 𝑎𝑎 = 4𝜋𝜋𝜀𝜀0ℏ2

𝑚𝑚𝑒𝑒2
, and Z=2 we get: 

𝐸𝐸0 = –
4𝑒𝑒2

4𝜋𝜋𝜀𝜀0𝑎𝑎
  2.23 

On calculation, we get 𝐸𝐸0 = – 108 𝑒𝑒𝑒𝑒. The experimental ionization energy (energy 
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needed to remove an electron) is 24.63 eV. Thus, upon one electron removal, the energy of 

ionized He is –𝑍𝑍2. 13.6 =– 54.6 𝑒𝑒𝑒𝑒. Therefore, the ground state energy of Helium is 

– 54.6 – 24.63 = – 79.03 𝑒𝑒𝑒𝑒. Thus, obtained energy is not close. However, by introducing the 

electronic repulsion, one can achieve a better approximation. Then, treating the e-e interaction as 

a perturbative term, we find: 

𝐸𝐸1 = �ψ𝐺𝐺
𝑆𝑆 (𝑟𝑟1, 𝑠𝑠1; 𝑟𝑟2, 𝑠𝑠2)�H𝑒𝑒−𝑒𝑒�ψ𝐺𝐺

𝑆𝑆(𝑟𝑟1, 𝑠𝑠1; 𝑟𝑟2, 𝑠𝑠2)� 2.24 

Upon calculation, one can neglect the spin wavefunction. In our calculation, the spin term 

is introduced through the prerequisite that the total wavefunction should be antisymmetric. Also 

realizing that wavefunction is real, one gets: 

𝐸𝐸1 =   �𝑑𝑑𝑑𝑑1 𝑑𝑑𝑑𝑑2�ψ𝐺𝐺
𝑆𝑆(𝑟𝑟1, 𝑠𝑠1; 𝑟𝑟2, 𝑠𝑠2)�2 2.25 

𝐸𝐸1 =   �𝑑𝑑3𝑟𝑟1 𝑑𝑑3𝑟𝑟2
1

4𝜋𝜋𝜀𝜀0
𝑒𝑒2

|𝑟𝑟1– 𝑟𝑟2| �
𝑍𝑍3

𝜋𝜋𝑎𝑎3
𝑒𝑒−

𝑍𝑍(𝑟𝑟2+𝑟𝑟2)
𝑎𝑎� �

2

 2.26 

Thus, we get finally 

𝐸𝐸1 =  
5𝑒𝑒2

4(4𝜋𝜋𝜀𝜀0𝑎𝑎)  2.27 

Thus, to first order, the ground state is 

𝐸𝐸 = –
4𝑒𝑒2

4𝜋𝜋𝜀𝜀0𝑎𝑎
 +

5𝑒𝑒2

4(4𝜋𝜋𝜀𝜀0𝑎𝑎) =–
11𝑒𝑒2

4(4𝜋𝜋𝜀𝜀0𝑎𝑎) 2.28 

Therefore, to get closer to the experimental value (79.01 eV), both H0 and H𝑒𝑒−𝑒𝑒 have to 

be considered. Now assume that one of the electrons in the 1s orbital hence states 𝑛𝑛 = 1, 𝑙𝑙 =

0,𝑚𝑚 = 0, and the other in an excited state as labeled by 𝑛𝑛, 𝑙𝑙,𝑚𝑚. Hence, the wave functions are 

ψ𝑆𝑆(𝑟𝑟1, 𝑠𝑠1; 𝑟𝑟2, 𝑠𝑠2) =
1
√2

� ψ100(𝑟𝑟1) ψ𝑛𝑛𝑛𝑛𝑛𝑛(𝑟𝑟2) +  ψ100(𝑟𝑟2) ψ𝑛𝑛𝑛𝑛𝑛𝑛(𝑟𝑟1)� χ𝑎𝑎𝑎𝑎(𝑠𝑠1, 𝑠𝑠2) 2.29 

ψ𝑇𝑇(𝑟𝑟1, 𝑠𝑠1; 𝑟𝑟2, 𝑠𝑠2) =
1
√2

� ψ100(𝑟𝑟1) ψ𝑛𝑛𝑛𝑛𝑛𝑛(𝑟𝑟2)―ψ100(𝑟𝑟2) ψ𝑛𝑛𝑛𝑛𝑛𝑛(𝑟𝑟1)�χ𝑠𝑠𝑠𝑠𝑠𝑠(𝑠𝑠1, 𝑠𝑠2)  2.30 

Where, the labels denote; S = singlet and T = triplet. If we assess the Schrodinger 
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equation for the central potential H0 = H0(1) + H0(2), we have same energy for both 

wavefunctions. So, we have to calculate 

𝐸𝐸𝑇𝑇 = ⟨ψ𝑆𝑆(𝑟𝑟1, 𝑠𝑠1; 𝑟𝑟2, 𝑠𝑠2)|H0(1) + H0(2) + H𝑒𝑒−𝑒𝑒|ψ𝑆𝑆(𝑟𝑟1, 𝑠𝑠1; 𝑟𝑟2, 𝑠𝑠2)⟩ 2.31 

𝐸𝐸𝑇𝑇 = ⟨ψ𝑇𝑇(𝑟𝑟1, 𝑠𝑠1; 𝑟𝑟2, 𝑠𝑠2)|H0(1) + H0(2) + H𝑒𝑒−𝑒𝑒|ψ𝑇𝑇(𝑟𝑟1, 𝑠𝑠1; 𝑟𝑟2, 𝑠𝑠2)⟩ 2.32 

Here, the labels denote; S = singlet and T = triplet. Thus, we have: 

𝐸𝐸𝑆𝑆,𝑇𝑇 = �𝑑𝑑3𝑟𝑟1 𝑑𝑑3𝑟𝑟2 � ψ∗
100(𝑟𝑟1) ψ∗

𝑛𝑛𝑛𝑛𝑛𝑛(𝑟𝑟2)±(1)ψ100(𝑟𝑟1) ψ𝑛𝑛𝑛𝑛𝑛𝑛(𝑟𝑟2)� [H0(1) + H0(2)

+ H𝑒𝑒−𝑒𝑒]� ψ100(𝑟𝑟1) ψ𝑛𝑛𝑛𝑛𝑛𝑛(𝑟𝑟2)± ψ100(𝑟𝑟2) ψ𝑛𝑛𝑛𝑛𝑛𝑛(𝑟𝑟1)� 

2.33 

Finally, we get the following 

𝐸𝐸𝑆𝑆,𝑇𝑇 =
1
2
�𝑑𝑑3𝑟𝑟1 � ψ∗

100(𝑟𝑟1)H0(1)ψ100(𝑟𝑟1)� 

+
1
2
�𝑑𝑑3𝑟𝑟2 �ψ∗

𝑛𝑛𝑛𝑛𝑛𝑛(𝑟𝑟1)H0(1)ψ∗
𝑛𝑛𝑛𝑛𝑛𝑛(𝑟𝑟1)� 

+
1
2
�𝑑𝑑3𝑟𝑟2 �ψ∗

100(𝑟𝑟2)H0(2)ψ∗
100(𝑟𝑟2)� 

+
1
2
�𝑑𝑑3𝑟𝑟2 �ψ∗

𝑛𝑛𝑛𝑛𝑛𝑛(𝑟𝑟2)H0(2)ψ∗
𝑛𝑛𝑛𝑛𝑛𝑛(𝑟𝑟2)� 

+
1
2
�𝑑𝑑3𝑟𝑟1 𝑑𝑑3𝑟𝑟2 ψ∗

100(𝑟𝑟1) ψ∗
𝑛𝑛𝑛𝑛𝑛𝑛(𝑟𝑟2)H𝑒𝑒−𝑒𝑒ψ100(𝑟𝑟1) ψ𝑛𝑛𝑛𝑛𝑛𝑛(𝑟𝑟2) 

+
1
2
�𝑑𝑑3𝑟𝑟1 𝑑𝑑3𝑟𝑟2 ψ∗

𝑛𝑛𝑛𝑛𝑛𝑛(𝑟𝑟1) ψ∗
100(𝑟𝑟2)H𝑒𝑒−𝑒𝑒ψ𝑛𝑛𝑛𝑛𝑛𝑛(𝑟𝑟1) ψ100(𝑟𝑟2) 

±
1
2
�𝑑𝑑3𝑟𝑟1 𝑑𝑑3𝑟𝑟2 ψ∗

100(𝑟𝑟1) ψ∗
𝑛𝑛𝑛𝑛𝑛𝑛(𝑟𝑟2)H𝑒𝑒−𝑒𝑒ψ𝑛𝑛𝑛𝑛𝑛𝑛(𝑟𝑟1) ψ100(𝑟𝑟2) 

±
1
2
�𝑑𝑑3𝑟𝑟1 𝑑𝑑3𝑟𝑟2 ψ∗

𝑛𝑛𝑛𝑛𝑛𝑛(𝑟𝑟1) ψ∗
100(𝑟𝑟2)H𝑒𝑒−𝑒𝑒ψ100(𝑟𝑟1) ψ𝑛𝑛𝑛𝑛𝑛𝑛(𝑟𝑟2) 

2.34 

Thus, via defining the following, we can write 

𝐸𝐸100 = �𝑑𝑑3𝑟𝑟1  ψ∗
100(𝑟𝑟1)H0(1)ψ100(𝑟𝑟1) 2.35 
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𝐸𝐸𝑛𝑛𝑛𝑛𝑛𝑛 = �𝑑𝑑3𝑟𝑟2 ψ∗
100(𝑟𝑟2)H0(2)ψ∗

100(𝑟𝑟2) 2.36 

𝐶𝐶 = �𝑑𝑑3𝑟𝑟1 𝑑𝑑3𝑟𝑟2�ψ100(𝑟𝑟1)�2H𝑒𝑒−𝑒𝑒� ψ𝑛𝑛𝑛𝑛𝑛𝑛(𝑟𝑟2)�2 2.37 

𝐽𝐽 = �𝑑𝑑3𝑟𝑟1 𝑑𝑑3𝑟𝑟2 ψ∗
100(𝑟𝑟1) ψ∗

𝑛𝑛𝑛𝑛𝑛𝑛(𝑟𝑟2)H𝑒𝑒−𝑒𝑒ψ100(𝑟𝑟1) ψ𝑛𝑛𝑛𝑛𝑛𝑛(𝑟𝑟2) 2.38 

The sign is + for the symmetric function (S = Singlet) and – is antisymmetric function (T 

= Triplet). Then, we have the: 

𝐸𝐸𝑆𝑆 =  𝐸𝐸100 + 𝐸𝐸𝑛𝑛𝑛𝑛𝑛𝑛 + 𝐶𝐶 +  𝐽𝐽 2.39 

𝐸𝐸𝑇𝑇 =  𝐸𝐸100 + 𝐸𝐸𝑛𝑛𝑛𝑛𝑛𝑛 + 𝐶𝐶 –  𝐽𝐽 2.40 

Here, 𝐸𝐸100 and 𝐸𝐸𝑛𝑛𝑛𝑛𝑛𝑛 are the energies of electrons 1 and 2, respectively. The Coulomb 

integral 𝐶𝐶 signifies the electrostatic coulomb repulsion between two electrons and it has a 

positive sign. The quantity 𝐽𝐽 signifies the energy produced by the exchange of electrons between 

two orbits and is termed as exchange integral. In the singlet state, the spatial function is 

symmetric and the electrons tend to get close to each other. Whereas in triplet state the spatial 

part is antisymmetric and electrons tend to evade each-other. Consequently, the electrostatic 

repulsion phenomenon is large in singlet state and it holds a higher energy. Now, the difference 

among two eigenvalues (singlet-triplet splitting) is  

𝐸𝐸𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 – 𝐸𝐸𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 = 𝐸𝐸𝑆𝑆–𝐸𝐸𝑇𝑇 =  2𝐽𝐽 2.41 

The exchange energy 2J is the singlet-triplet splitting. The exchange interaction arises 

from the Coulomb interaction between two electrons and the total antisymmetric wavefunction 

requirement (symmetrization postulate). The symmetrization postulate results in either parallel or 

antiparallel alignment depending on the sign of J. In case, when J is positive, the spins are 

aligned parallel, though J is negative for antiparallel spins. 
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2.2.3 Heisenberg Model of Exchange 

Heisenberg employed the ideas of parallel/antiparallel spins arrangement to construct a 

Hamiltonian of form 

H = H0 + H𝐶𝐶 + H𝐽𝐽 2.42 

Here, 𝐸𝐸0 = 𝐸𝐸100 + 𝐸𝐸𝑛𝑛𝑛𝑛𝑛𝑛 is the expectation value central field Hamiltonian H0. The 

Coulomb energy 𝐶𝐶 is the expectation value of H𝐶𝐶. The exchange energies ±𝐽𝐽 are expectation 

values of the exchange Hamiltonian H𝐽𝐽. Therefore, the spin-dependent model Hamiltonian could 

be written in a form 

𝐇𝐇𝑱𝑱  =  𝐴𝐴 𝑺𝑺𝟏𝟏.𝑺𝑺𝟐𝟐 2.43 

Here, A is a constant. Now, recall for a single spin-1/2 particle, we write: 

𝑆𝑆𝑧𝑧|𝑠𝑠,𝑚𝑚𝑠𝑠⟩ = 𝑚𝑚𝑠𝑠ℏ |𝑠𝑠,𝑚𝑚𝑠𝑠⟩ 2.44 

𝑆𝑆2|𝑠𝑠,𝑚𝑚𝑠𝑠⟩ = ℏ2 𝑠𝑠(𝑠𝑠 + 1) |𝑠𝑠,𝑚𝑚𝑠𝑠⟩ 2.45 

Here, 𝑠𝑠 =  1
2
 and 𝑚𝑚𝑠𝑠  = ± 1

2
. Thus, the eigenvalues of 𝑆𝑆2 and 𝑆𝑆𝑧𝑧 are 

𝑆𝑆𝑧𝑧 �
1
2

, ±
1
2
� = ±

ℏ
2

 �𝑠𝑠, ±
1
2
� 2.46 

𝑆𝑆2 �
1
2

, ±
1
2
� =

3
4
ℏ2  �

1
2

, ±
1
2
� 2.47 

We now consider the case in which our system features two spin one-half particles. The 

spins 𝑠𝑠1 = 1
2
 and 𝑠𝑠2 = 1

2
, and hence a total coupled spin is 

𝑆𝑆𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 = 𝑠𝑠1 + 𝑠𝑠2 2.48 

This implies that we have 𝑆𝑆 = 0, 1. Additionally, we have 

𝑆𝑆𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇2 = (𝑠𝑠1 + 𝑠𝑠2). (𝑠𝑠1 + 𝑠𝑠2) = 𝑠𝑠12 + 𝑠𝑠22 + 2𝑠𝑠1. 𝑠𝑠2 2.49 
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2𝑠𝑠1. 𝑠𝑠2 = 𝑆𝑆𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇2  ― 𝑠𝑠12 ― 𝑠𝑠22 2.50 

2𝑠𝑠1. 𝑠𝑠2 = ℏ2𝑆𝑆𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇(𝑆𝑆𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 + 1)―ℏ2𝑠𝑠1(𝑠𝑠1 + 1)―ℏ2 𝑠𝑠2(𝑠𝑠2 + 1) 2.51 

2𝑠𝑠1. 𝑠𝑠2 = ℏ2𝑆𝑆𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇(𝑆𝑆𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 + 1)―ℏ2
1
2
�

1
2

+ 1�―ℏ2
1
2
�

1
2

+ 1� 2.52 

2𝑠𝑠1. 𝑠𝑠2 = ℏ2𝑆𝑆𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇(𝑆𝑆𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 + 1)―
6
4
ℏ2 2.53 

Now, finally 𝑆𝑆𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 = 0 for singlet and 𝑆𝑆𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑙𝑙 = 1 for triplet, we get 

𝑠𝑠1. 𝑠𝑠2 = �
―

3
4
ℏ2           𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

1
4
ℏ2            𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇

 2.54 

These are the eigenvalues of 𝐇𝐇𝑱𝑱  =  𝐴𝐴 𝑺𝑺𝟏𝟏.𝑺𝑺𝟐𝟐. Therefore, we can write 

𝐸𝐸𝑆𝑆,𝑇𝑇 =

⎩
⎨

⎧―
3𝐴𝐴ℏ2

4
       𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

𝐴𝐴ℏ2

4
            𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇

 

2.55 

This leads to the implication that if we take a difference, we get 

𝐸𝐸𝑆𝑆 – 𝐸𝐸𝑇𝑇 = ―
3𝐴𝐴ℏ2

4
―
𝐴𝐴ℏ2

4
= ―𝐴𝐴ℏ2 

2.56 

Initially, in the He atom calculation, we have the result 

𝐸𝐸𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 – 𝐸𝐸𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 = 𝐸𝐸𝑆𝑆–𝐸𝐸𝑇𝑇 =  2𝐽𝐽 2.57 

This implies that 𝐴𝐴 =  ―2𝐽𝐽. The ℏ2 has been absorbed into the exchange constant J as it 

has energy-units. It is often expressed in Kelvins by dividing it by 𝑘𝑘𝐵𝐵.Therefore, the spin-

dependent part effective Hamiltonian is 

𝐇𝐇𝑱𝑱  = – 2 𝐽𝐽 𝑺𝑺𝟏𝟏.𝑺𝑺𝟐𝟐 2.58 

For 𝐽𝐽 > 0, the triplet state is favored 𝐸𝐸𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  >  𝐸𝐸𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 (Ferromagnetism, which aligns 

the two spins parallel). On other hand, for 𝐽𝐽 < 0, then 𝐸𝐸𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  < 𝐸𝐸𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇, hence singlet state 
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(S=0) is preferred (Anti-Ferromagnetism, tends to align the two spins antiparallel). The two-spin 

Hamiltonian could be generalized for a many-electrons by summing over all pairs of atoms on 

lattice sites 𝑖𝑖, 𝑗𝑗 

𝑯𝑯�𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺  = – 2�𝑱𝑱𝒊𝒊𝒊𝒊 𝑺𝑺𝒊𝒊.𝑺𝑺𝒋𝒋
𝒊𝒊 > 𝒋𝒋

 2.59 

Here, 𝑖𝑖 >  𝑗𝑗 to prevent double counting. Moreover, 𝑱𝑱𝒊𝒊𝒊𝒊  is the exchange constant between 

𝑖𝑖𝑡𝑡ℎ and 𝑗𝑗𝑡𝑡ℎ spins. Generally, it is possible to take 𝑱𝑱𝒊𝒊𝒊𝒊  equal to a single exchange constant J for 

nearest neighbor interactions, and zero otherwise. 

2.3 Itinerant Magnetism 

The Heisenberg model (1928) considers the presence of permanent localized magnetic 

moments, which due to either direct or indirect exchange interactions order cooperatively. 

However, this model is not appropriate for metallic systems such as Fe, Co, and Ni, where 

magnetic moments transpire due to the angular momentum of unpaired electrons in unfilled 

shells, which are relatively free to move through the material (itinerant electrons).  Moreover, we 

know that spin and orbital moments are multiple of Bohr magneton 𝑚𝑚 = –  𝜇𝜇𝐵𝐵
ℏ

[𝑔𝑔𝑠𝑠S + 𝑔𝑔𝑙𝑙 L]. 

For Fe with six 3d and two 4s electrons, and according to Hund’s rule, the 4 unpaired electrons 

give a spin magnetic moment of 𝑚𝑚𝑠𝑠 = 4𝜇𝜇𝐵𝐵. If the orbital moment is included one would estimate 

the moment to be 6𝜇𝜇𝐵𝐵. However, for Fe, if we experimentally measure the spontaneous 

magnetization 𝑀𝑀𝑆𝑆(𝑇𝑇 = 0) and divides it by the number of atoms 𝑛𝑛 , we get 𝑚𝑚𝑒𝑒𝑒𝑒𝑒𝑒𝜇𝜇𝐵𝐵  =  𝑀𝑀𝑆𝑆(𝑇𝑇=0) 
𝑛𝑛

. 

The corresponding experimental effective moment is 2.216 𝜇𝜇𝐵𝐵, implying that the atomic moment 

is a non-integral multiple of 𝜇𝜇𝐵𝐵. The higher value of moment due to orbital moment inclusion in 

comparison to experimental value and only spin moment scenario overestimates the orbital 

moments. Henceforth, a different approach is necessary, as the underlying results could not be 

described via localized moments. The discrepancy in Bohr magnetons was resolved via the band 
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theory of magnetism. 

2.3.1 Band Theory 

We will start with the free electronic structure picture, where the atoms are positioned at 

large distances from each other. Consider two hydrogen atoms are well separated from each 

other, where each atom with an electron is in 1s ground state, where the wavefunctions of atom 

A is Ψ𝐴𝐴 and of B is Ψ𝐵𝐵 as in Figure 2.6(a). When the two atoms are brought in proximity to each 

other their atomic wavefunctions start to overlap leading to molecular orbitals. The resulting 

overlap outcomes in two new wavefunctions possessing different energies and henceforth 

changed quantum numbers. As the atomic orbitals are wavefunctions, they can either interfere 

constructively or destructively (Ψ𝐴𝐴 ± Ψ𝐵𝐵). The molecular orbital is the wavefunction of a 

molecule, similar to that of the atomic orbital, (electronic wave function in an atom). The 

molecular may expand over two or a large number of atoms. This is sometimes called the Linear 

Combination of Atomic Orbitals or Tight binding model. 

In-phase addition (constructive interference) of the two atomic orbitals results in the 

formation of a bonding orbital Ψ𝑠𝑠𝑠𝑠 = Ψ𝐴𝐴  +  Ψ𝐵𝐵 (lower energy), thus strengthening wave 

intensity and enhancement of electron probability density [Figure 2.6(b)]. In Ψ𝐴𝐴  + Ψ𝐵𝐵 the 

electron spends chunk of the time in the space among two nuclei, where it is under the influence 

of an attractive potential of both protons, which leads to the amplified binding energy. On other 

hand, the antibonding molecular orbital Ψ𝑎𝑎𝑎𝑎 = Ψ𝐴𝐴 –  Ψ𝐵𝐵 (higher energy) is shaped by the 

summation of two atomic orbitals of opposite phases (destructive interference), leading to a 

reduction of wave intensity and hence causing the probability density to die out in the region 

between the nuclei [Figure 2.6(c)]. 
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Figure 2.6. (a) Representation of two separated hydrogen atom wavefunctions of electrons. 
The wavefunction at closer separation is (b) bonding, (c) antibonding, and (d) Energy versus 
atomic separation. 

When atoms come within proximity, the distinct atomic state may be divided into a 

sequence of closely spaced states. Hence, there exists a quasi-continuum of states among lowest 

and highest levels. This quasi quantum is called the energy band as shown in Figure 2.7.  The 

energy band is half-filled as marked by dark green in Figure 2.7  and half-empty (marked by 

light green in Figure 2.7.). The degree of splitting rests on the interatomic separation and initiates 

with perturbation of the outermost electron shells as the atoms combine. 

Let us now apply the concept to solid materials. Consider, that a large number of atoms, 

which are initially detached from one other are subsequently brought together to form the 

ordered atomic arrangement. For example, in two iron atoms, the 1s levels with each having two 

electrons well separated possess the same energy. However, when the atoms come close to each 

other, their electronic clouds start to overlap, and now the Pauli principle is applied to the two 

atoms. Hence, the Pauli principle stops two atoms from possessing a single 1s level comprising 4 

electrons, rather, the 1s level has to splits into two levels, where each split level accommodates 

two electrons. Likewise, when N atoms are fetched close to each other, then individual level 
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splits into N levels. Thus, when free atoms are brought close together, the Coulomb interactions 

among atoms outcomes in energy splitting, distributing them into bands. It should be noted that 

each state of a free atom spreads into a band of energies. The bandwidth is proportional to the 

strength of the overlap interaction among neighboring atoms. Similarly, bands are formed from 

p, d, . . . states, however, the splitting degree is different. 

 

Figure 2.7. Energy levels as a function of distance for 1s levels for (a) 2 atoms, (b) 10 atoms, 
and (c) many atoms. 

2.3.2 Pauli Paramagnetism 

In addition to unpaired electrons in atoms, an important contribution to magnetism could 

be found from conduction electrons in metals. In metals, the conducting electrons are all 

delocalized, implying the model of the free electron gas is valid. For free electron gas in 3-

dimensions energy levels are 

 E =
2π2ℏ2

meL2 �
nx2 + ny2 + nz2� 2.60 

Here, 𝑘𝑘𝑥𝑥 = 2 π

L
𝑛𝑛𝑥𝑥 ; 𝑘𝑘𝑦𝑦 = 2 π

L
𝑛𝑛𝑦𝑦; 𝑘𝑘𝑧𝑧 = 2 π

L
𝑛𝑛𝑧𝑧 and  𝑛𝑛𝑥𝑥 = 𝑛𝑛𝑦𝑦 = 𝑛𝑛𝑧𝑧 =  0, 1, 2, 3. . . . . . . ..Hence, 

the energy is quantized; only certain values are permitted. For finite sizes L, the energy levels are 

discrete. Conceptually, increasing the width of the potential well would cause the discrete points 

to move close together.  Thus, for L = ∞, we have dispersion relation 𝐸𝐸 = ℏ2 𝑘𝑘2

2𝑚𝑚e
 between energy 
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and wavenumber. For plane waves, it is a parabolic curve. The wavevector k is not restricted and 

goes from – ∞ to +∞, then discrete points would form a band of energy levels. Thus, the 

electrons reside within a certain band of energies. 

Now consider, that we want to accommodate N electrons at T = 0 K. As an electron could 

be either spin up (↑) or spin down (↓), therefore only two electrons can occupy each electron 

energy level – one spin-up electron and the other spin down, thereby having different spin 

quantum numbers, even though they have some energy. Thus, if we have N electrons, we can 

place two electrons in the lowest energy level, two electrons in the next lowest level, and 

stacking goes on until all the electrons have been accounted. The uppermost filled level is 

recognized as the Fermi level. The corresponding energy of the last filled (or half-filled) level at 

T = 0 K is called the Fermi energy E𝐹𝐹. Thus, E𝐹𝐹 is the maximum energy of the topmost energy 

level. The situation is similar to a glass of water, where the water level corresponds to the Fermi 

level, and the total volume of water resembles electrons total. To find the total volume of water, 

we should find a glass cross-sectional area at each level. Corresponding to this quantity, we 

describe the density of states, D(E), the number of various electronic states at specific energy 

that electrons can dwell. In 3-dimensional electron gas 

 D(E) =
𝐿𝐿3

2π2
�

2𝑚𝑚e

ℏ𝟐𝟐
�
3
2�

𝐸𝐸1 2⁄  2.61 

The density of states at the Fermi level 𝐸𝐸 = 𝐸𝐸𝐹𝐹 is written as 

 D(E𝐹𝐹) =
3
2
𝑁𝑁
𝐸𝐸𝐹𝐹

 2.62 

We split the density of states D(E) of the electrons into two parts D(E) = D ↑(E) +

D ↓(E). In normal configuration both the densities of states are equal and equally occupied, 

hence D ↑(E) = D ↓(E) = D(E)
2

. This implies that the system has the similar number of spin-up 

electrons and spin-down electrons, and all the energy levels up to the Fermi energy are occupied 
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[Figure 2.8(a)]. Thereby the magnetization is zero as 𝑀𝑀 = 𝜇𝜇𝐵𝐵{𝑛𝑛↑(𝐸𝐸)–𝑛𝑛↓(𝐸𝐸)}. 

 

Figure 2.8. Pauli paramagnetism; (a) the model of spin-up/spin-down band in zero field (b) (b-
c) Under application of magnetic field the spin-up and spin-down electrons undergo spin-
splitting. 

Now suppose, we apply a magnetic field B along z-direction 𝑩𝑩 = 𝐵𝐵𝑧̂𝑧. Consequently, both 

subbands change energy, where now potential energy of spin up (parallel to B) is 𝐸𝐸↑  = – 𝜇𝜇𝐵𝐵 𝐵𝐵, 

and spin down (antiparallel to B) 𝐸𝐸↓  = +𝜇𝜇𝐵𝐵 𝐵𝐵. Hence, the energy difference is 2𝜇𝜇𝐵𝐵 𝐵𝐵. In other 

words, electrons with spin-up are lowered in energy, and thereby the effect is simply to move the 

spin-up electrons D ↑(E) relative to spin-down electrons D ↓(E) as in Figure 2.8(b). 

Under the magnetic field, Fermi energy should be equal for both bands, this implies that 

from the spin-down band, some electrons are tossed into the spin-up band [Figure 2.8(b)]. Thus, 

the spin-up band is occupied by a larger number of electrons in comparison to the spin-down 

band as shown in Figure 2.8(c). As a result of the variance in the number of spin-up and spin-

down electrons, the total magnetization is non-zero. For the gas of free electrons, Pauli derived 

the susceptibility: 

 χPauli  =  𝜇𝜇0𝜇𝜇𝐵𝐵2𝐷𝐷(𝐸𝐸𝐹𝐹) 2.63 

The above result is the well-known Pauli paramagnetic susceptibility. When the magnetic 
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susceptibility is written as above, it depends directly on the density of state at the Fermi level. 

The larger the density of states, the higher the susceptibility and the magnetization under an 

external field. The above equation applies not only to free electrons but also to metals with 

arbitrary densities of states. 

2.3.3 Magnetism of Transition Metals 

For transition metals, the outermost electrons are 3d and 4s, and hence as the atoms are 

brought close to each other, the aforementioned electronic clouds will overlap and undergo 

splitting. If the interatomic distance d has decreased some distance 𝑑𝑑0, the 3d levels form a band 

(B to C), while 4s levels form a relativity broader band (A to D) [Figure 2.9(a)]. The closing 

distance between atoms defines the overlap. At a similar spacing, the inner electrons (1s and 2s) 

are closer to the nucleus (distant from each other to have an impact on each other), thereby 

energy levels display insignificant splitting. However, if atoms are further fetched close to each 

other, (distances lesser than 𝑑𝑑0), then 1s and 2s will undergo significant broadening. There exist 

numerous energy levels inside a band, for example, 1 mg of iron comprises of 1019 atoms and 

the Pauli principle necessitates those individual levels in the free atom must split into 1019 

levels. This implies that a band level is closely spaced, thereby forming a quasi-continuum or 

energy band. An important aspect of the band theory is to compute energy bands shape, i.e., the 

shape of D(E) vs E. The DOS of 3d and 4s bands is shown in Figure 2.9(b). Since there are five-

3d levels with room for 10 electrons, hence DOS of 3d levels is far bigger, whereas there is one 

4s level with room for 2 electrons. The area under each D(E) vs E graph yields the total number 

of levels inside a band. 

The 3d band can have 10 electrons per atom, and the level to which it is filled is shown 

by line Figure 2.9(b), where the topmost filled level is the Fermi level. Nickel has 10 (3d + 4s) 

electrons, however, the experiment designates that 9.4 belong to the 3d band, while the 
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remaining 0.6 to 4s. The Fermi level is therefore underneath the maximum of 3d. While, Copper 

possesses one additional electron, and hence its 3d is filled, whereas 4s is half full. The electrons 

belonging to the 4s band are expected not to influence magnetism. The 4s band density of states 

is low implying energy levels are widely spaced. The filled energy levels do not contribute to 

magnetism, since two electrons within each level possess opposite spins, leading to a null net 

moment. 

 

Figure 2.9. (a) Electronic energy levels splitting versus the inter-atomic separation, (b) 
Schematics of the density of states in 3d and 4s bands. 

For effective number of Bohr magnetons, consider 𝑛𝑛 = number of (3d+4s) electrons per 

atom, and 𝑥𝑥 = number of 4s electrons per atom, then 𝑛𝑛– 𝑥𝑥 = 3d electrons per atom. At saturation 

magnetization, five 3d electrons will spin up and 𝑛𝑛– 𝑥𝑥– 5 are spin down. Thus, the magnetic 

moment per atom is 𝑚𝑚𝑒𝑒𝑒𝑒𝑒𝑒 = [5– (𝑛𝑛– 𝑥𝑥– 5)]µ𝐵𝐵, therefore one gets 

 𝑚𝑚𝑒𝑒𝑒𝑒𝑒𝑒 = [10– (𝑛𝑛– 𝑥𝑥)] µ𝐵𝐵 2.64 

This equation illustrates that the maximum spin unbalance is equivalent to the number of 
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unfilled electronic states. Now, for Ni with 𝑛𝑛 = 10 and experimental 𝑚𝑚𝑒𝑒𝑒𝑒𝑒𝑒 = 0.6 µ𝐵𝐵, thus using 

these values in the above equation we get 𝑥𝑥 = 0.6. This is proportional to the area bounded by 

the 4s N(E) curve underneath the fermi level as in Figure 2.9(b). This is the number of 4s 

electrons below Fermi level and hence implies that 9.4 electrons reside in the 3d, and 0.6 in the 

4s. This almost explains ferromagnetic moment of Ni. 

2.3.4 Hubbard Model 

The Hubbard model is a model of interacting itinerant electrons. The so-called Hubbard 

Hamiltonian is beneficial for explaining the electronic nature of transition metal oxides. The 

Hamiltonian explains the Mott insulating state, but also successfully enlightens the presence of 

magnetic ordering in transition metals. For the explanation of Coulombic interactions, there is 

proposed Hubbard Hamiltonian 

 𝐻𝐻 = −𝑡𝑡 � (𝐶𝐶𝑖𝑖,𝜎𝜎
ϯ

<𝑖𝑖,𝑗𝑗>,𝜎𝜎

𝐶𝐶𝑗𝑗,𝜎𝜎 +  𝐶𝐶𝑗𝑗,𝜎𝜎
ϯ 𝐶𝐶𝑖𝑖,𝜎𝜎) +  𝑈𝑈�𝑛𝑛𝑖𝑖↑𝑛𝑛𝑖𝑖↓

𝑁𝑁

𝑖𝑖=1

 2.65 

< i, j > is a summation over nearest-neighbor lattice sites and it emphasizes that hopping 

is only permitted between two adjacent lattice sites. 𝐶𝐶𝑖𝑖,𝜎𝜎
ϯ  and 𝐶𝐶𝑗𝑗,𝜎𝜎 are creation and annihilation 

operators of electrons having a spin σ on their respective site 𝑖𝑖, 𝑗𝑗. The number operator is  𝑛𝑛𝑖𝑖𝑖𝑖 =

𝐶𝐶𝑖𝑖𝑖𝑖
ϯ 𝐶𝐶𝑖𝑖𝑖𝑖, and U is Coulomb interaction energy.  t is hopping integral or transfer integral, where it 

suggests the kinetic energy of electron hopping between i and j sites (t is directly linked to orbital 

overlap and bandwidth W). 

The first term of the above Hamiltonian explains the hopping scenario by the annihilation 

of a fermion with spin σ on-site 𝑖𝑖 and formation of this fermion on a site  𝑗𝑗. The second term 

signifies the Coulomb repulsion between electrons, where on a single site, the interaction 

strength for two electrons is U. 
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Figure 2.10. (a) Schematic illustration explaining (a) hopping of electron, and (b) on-site 
repulsion U. (c) Depiction of Mott Transitions by band-schematics. 

When the e-e correlations are negligible, then 𝑈𝑈 = 0 (𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ 𝑊𝑊 ∝ 𝑡𝑡 = ∞), the 

second term from Hamiltonian is neglected, thus yielding tight-binding Hamiltonian, where, the 

electrons will hop between the sites without any interruptions and the material will show a 

metallic behavior [33,34]. On other hand, the U tends to localize the electrons on sites. For 𝑈𝑈 >

>> 𝑡𝑡, implying in presence of strong coulombic interactions, the half-filled band ruptures in two 

parts; Lower Hubbard Band (LHB) and Upper Hubbard Band (UHB) [34]. The LHB is filled and 

formed by the electrons that are dwelling in a vacant lattice site, and in contrast, an unfilled UHB 

is established by the electrons which are trying to reside in a site that has previously been booked 

by another electron. 

Hence, an increase in Coulomb repulsion with respect to bandwidth W will outcome in 
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the rise of the bandgap between LHB and UHB. Hence, in the governance of strong e-e 

correlations 𝑈𝑈 >>> 𝑡𝑡, the second term of Hamiltonian cannot be neglected, and electron 

localization dominates; leading to an insulating state, which is called Mott insulator [33,34]. 

However, if U decreases gradually then at some critical value of Uc ~ W (finite U), the LHB and 

UHB meet each other (no band gap), where this transition at finite Uc is termed the Bandwidth-

controlled metal to insulator transition.  According to Mott, the condition for metal-insulator 

transition is 𝑎𝑎𝐵𝐵𝑛𝑛𝑐𝑐
1 3⁄ = 0.22 where 𝑎𝑎𝐵𝐵 is effective Bohr’s radius of electrons and 𝑛𝑛𝑐𝑐 is critical 

carrier density. 

2.3.5 Stoner Model of Ferromagnetism 

The Stoner model takes into consideration the valence band, where the density of states 

of the free electron is assumed to have two separates, and each band is populated by spin-up or 

spin-down electrons respectively i.e., D(E) = D ↑(E) + D ↓(E). To stabilize ferromagnetism, the 

spin-up and spin-down bands necessarily undergo splitting (∆𝐸𝐸). In other words, assume a slice 

of thickness ∆𝐸𝐸 from the spin-down side with energies from 𝐸𝐸𝐹𝐹 –∆𝐸𝐸 to 𝐸𝐸𝐹𝐹 is transferred to the 

unoccupied spin-up states at energies  𝐸𝐸𝐹𝐹  + ∆𝐸𝐸 from 𝐸𝐸𝐹𝐹. Hence, we are transferring 𝑛𝑛 ↑–𝑛𝑛 ↓ =

D(E𝐹𝐹) ∆𝐸𝐸
2

 electrons from one split band to the other, where D(E𝐹𝐹) is Fermi-level density of states 

as shown in Figure 2.11. There is kinetic energy cost for the promotion of electronic state from 

one spin band to the other. The kinetic energy of system increases by 

 E𝐾𝐾 =
1
2
� 𝐸𝐸 𝐷𝐷(E) 𝑑𝑑𝑑𝑑
𝐸𝐸𝐹𝐹+∆𝐸𝐸

0
+

1
2
� 𝐸𝐸 𝐷𝐷(E) 𝑑𝑑𝑑𝑑
𝐸𝐸𝐹𝐹–∆𝐸𝐸

0
 2.66 

Rearranging the integrals, we have 

 

E𝐾𝐾 = � 𝐸𝐸 𝐷𝐷(E) 𝑑𝑑𝑑𝑑
𝐸𝐸𝐹𝐹

0
+ � 𝐸𝐸 𝐷𝐷(E) 𝑑𝑑𝑑𝑑

𝐸𝐸𝐹𝐹+∆𝐸𝐸

𝐸𝐸𝐹𝐹

+ � 𝐸𝐸 𝐷𝐷(E) 𝑑𝑑𝑑𝑑
𝐸𝐸𝐹𝐹

0
–� 𝐸𝐸 𝐷𝐷(E) 𝑑𝑑𝑑𝑑

𝐸𝐸𝐹𝐹

𝐸𝐸𝐹𝐹–∆𝐸𝐸
 

2.67 
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Here, 1st and 3rd integral represent the kinetic energy when magnetization is zero E𝐾𝐾|𝑀𝑀=0. 

Moreover, when ∆𝐸𝐸 is small, then 𝐷𝐷(E) = D(E𝐹𝐹). Thus, we have 

 E𝐾𝐾|𝑀𝑀 = E𝐾𝐾|𝑀𝑀=0 +
1
2
𝐷𝐷(𝐸𝐸𝐹𝐹) [(𝐸𝐸𝐹𝐹 + ∆𝐸𝐸)2–𝐸𝐸𝐹𝐹2]–

1
2
𝐷𝐷(𝐸𝐸𝐹𝐹) [𝐸𝐸𝐹𝐹2– (𝐸𝐸𝐹𝐹–∆𝐸𝐸)2] 2.68 

Hence, finally, we have 

 E𝐾𝐾|𝑀𝑀 = E𝐾𝐾|𝑀𝑀=0 + 𝐷𝐷(𝐸𝐸𝐹𝐹)(∆𝐸𝐸)2 2.69 

So, for the magnetized sample, the kinetic energy increases. 

 

Figure 2.11. The schematic spin-split density of states with exchange splitting ∆E. 

Therefore, for ferromagnetism to exist the electrons inside the band must have parallel 

spins, however as per the Pauli principle, the two electrons with identical spins cannot inhabit the 

identical electronic state (if two electrons occupy the same site, then they need to have opposite 

spins). Hence, to have a parallel spin, one electron should be promoted to a higher energy level 

(different k-state). Therefore, raising the kinetic energy of the system, which implies 

ferromagnetism is an unfavorable process. 

In contrast, the presence of Coulomb interactions favors those two electrons can 

accommodate the identical energy though the direction of electronic spin should be antiparallel 

to another electron. If the decline of coulombic interactions energy exceeds the increase in 

kinetic energy, then spins parallel alignment is energetically favored, thereby spontaneous 

ferromagnetism transpires. Now, the number density of up-spins and down spins could be 
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 𝑛𝑛↑ =
𝑛𝑛
2

+ ∆𝐸𝐸 𝐷𝐷(𝐸𝐸𝐹𝐹) 2.70 

 𝑛𝑛↓ =
𝑛𝑛
2

–∆𝐸𝐸 𝐷𝐷(𝐸𝐸𝐹𝐹) 2.71 

Consequently, Hubbard's energy 𝐸𝐸𝑢𝑢 =  𝑈𝑈𝑛𝑛↑𝑛𝑛↓ of the system is 

 𝐸𝐸𝑢𝑢 =   𝑈𝑈 �
𝑛𝑛
2

+ ∆𝐸𝐸 𝐷𝐷(𝐸𝐸𝐹𝐹)� �
𝑛𝑛
2

–∆𝐸𝐸 𝐷𝐷(𝐸𝐸𝐹𝐹)� 2.72 

 𝐸𝐸𝑢𝑢 = 𝑈𝑈 �
𝑛𝑛2

4
–∆𝐸𝐸 2 {D(E𝐹𝐹)}2� 2.73 

Here, U is the repulsion between electrons. Normally, it is very difficult to evaluate, and 

in practice, U is adjusted to fit experimental data. Now the total energy in presence of magnetism 

 𝐸𝐸𝑇𝑇 = E𝐾𝐾|𝑀𝑀=0 + 𝐷𝐷(𝐸𝐸𝐹𝐹)(∆𝐸𝐸)2 +  𝑈𝑈 �
𝑛𝑛2

4
–∆𝐸𝐸 2 {D(E𝐹𝐹)}2� 2.74 

Since total energy in absence of magnetism is 

 E𝑇𝑇|𝑀𝑀=0 = E𝐾𝐾|𝑀𝑀=0 + 𝑈𝑈
𝑛𝑛2

4
 2.75 

This term represents the total energy of a system without magnetization, there we can 

have the total change in the energy in presence of magnetization as 

 ∆𝐸𝐸𝑇𝑇 = D(E𝐹𝐹) (∆𝐸𝐸)2–  𝑈𝑈 {D(E𝐹𝐹)}2 (∆𝐸𝐸)2 2.76 

Therefore, we finally get the following result 

 ∆𝐸𝐸𝑇𝑇 = D(E𝐹𝐹) (∆𝐸𝐸)2[1–𝑈𝑈 D(E𝐹𝐹)] 2.77 

Consequently, spontaneous ferromagnetism occurs if ∆𝐸𝐸𝑇𝑇  < 0, which is satisfied if 

 𝑈𝑈 D(E𝐹𝐹) ≥ 1 2.78 

This is recognized as the Stoner criterion. From the Stoner criterion it is clear that for 

spontaneous ferromagnetism, the spin-down and spin-up band splitting is favored, only if the 

Coulombic interactions are robust (Hubbard U is larger) and Fermi-level density of states D(E𝐹𝐹) 

is large, thereby the stoner criterion is fulfilled. The density of states of the s and p bands is 

considerably smaller than the d band, and hence only the d band favors spontaneous 
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magnetization as per the Stoner framework. 

 

Figure 2.12. Representation of density of states (DOS) of non-magnetic, weak-ferromagnetic, 
and strong-ferromagnetic materials. 

In Ni, Fe, and Co the Fermi energy crosses the 3d bands resulting in a large D(E𝐹𝐹) and 

hence the Stoner criterion is satisfied [see Figure 2.9(b)], whereas in copper, the 3d band is 

complete, hence located well below the Fermi level and consequently the Stoner criterion is not 

satisfied. Moreover, if the majority spin channel is completely filled, it is a strong magnet, else it 

is a weak magnet. In Fe, the majority spin is not completely filled, so it is a weak ferromagnet, 

whereas in Co and Ni it is, so they are strong ferromagnets as shown in Figure 2.12. 
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This chapter provides details on the perovskites thin-films epitaxy and characterization 

techniques such as structural and physical properties. 

3.1 Perovskite Thin Films Growth 

Thin-film fabrication is performed via atomistic deposition (atom by atom) of a certain 

material over a required substrate, thereby, depending on the deposition settings one can have a 

single crystalline, polycrystalline, or amorphous structure. The thin film deposition techniques 

could be categorized into two sets: (1) Physical vapor deposition (PVD), and (2) Chemical vapor 

deposition (CVD). The PVD method involves the material vaporization from a target via either 

thermal or athermal processes. The thermal process involves the target material sublimation or 

evaporation via supplying thermal energy. On other hand, in the athermal method the 

vaporization occurs upon the physical impingement of ionized gaseous molecules onto the target. 

In the CVD, a chemical reaction of a material to be deposited (volatile compound) with 

supplementary gases results in the production of a non-volatile solid, which is then deposited 

onto the substrate. 

3.1.1 Pulsed Laser Deposition of Perovskites 

Pulsed laser deposition (PLD) is a physical vapor deposition (PVD) method, In PLD, the 

material evaporation from the target takes place via means of an intense laser beam. PLD is a 

usually utilized for complex oxides thin films growth. A typical PLD system as portrayed in 

Figure 3.1, contains two main components: (1) an external laser source and (2) a vacuum 

chamber. A vacuum chamber includes vacuum pumps, pressure gauges, a target carousel, a 

substrate heater, and Reflection high-energy electron diffraction (RHEED). Moreover, PLD 

scheme is normally equipped with optical instruments such as attenuators, lenses, apertures, and 

mirrors, thereby properly focusing the laser beam on the target with the exact energy density. 
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Most PLD systems commonly utilize excimer lasers with a lasing medium comprises a blend of 

reactive gases (fluorine, krypton, and neon). The laser operating frequencies are generally 1-100 

Hz. Film growth is performed in a reactive environment, such as for perovskite oxides, oxygen is 

utilized. 

In PLD process, extremely intense laser-pulse is focused on the material target, leading to 

ablation (massive ejection of particles) of the target material. The laser pulse and target 

interaction strongly depend on laser beam intensity, where typically it is between 108 - 109 

W/cm2 with a nanoseconds pulse duration. The mechanisms via which energy is transferred to a 

target are: 

Electronic sputtering.  This is the principal mechanism in laser pulse and target 

interaction [35]. Upon photons impingement onto a target, the electron-hole pairs as well as 

electronic excitations are generated. Within picoseconds, the electronic excitations energy is 

shifted to the lattice ions through electron-phonon coupling [36]. Consequently, the lattice is 

heated, and, with sustained irradiation, an enormous number of particles start to eject from the 

target surface. 

Collisional sputtering. In this, incident beam momentum is shifted to the target, thereby 

producing a particle expulsion from the target surface. In the case of the photon, the energy 

transfer is almost insignificant, however, if the incoming beam comprises huge particles (e.g., 

ions), then this mechanism becomes significant. 

Thermal sputtering. In this, the incident laser beam gets absorbed into a small target 

area, hence partly melting the target surface and ultimately vaporizing the corresponding tiny 

area [35]. 

Hydrodynamic sputtering. This refers to target surface melting, thereby creating tiny 

droplets, though they are ultimately ejected from the surface. 
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Exfoliation sputtering. This occurs when fluence on the target is amply higher. 

Henceforth, the sustained and strong laser bombardment results in thermal shocks, and the target 

surface becomes cracked. This arises since there is no time for the thermal stresses to relieve via 

melting mode, thereby leading to an uneven target surface having elongated cone-shaped 

topographies [35,37]. 

 

Figure 3.1. Illustration of pulsed laser deposition. 

Nevertheless, ejected or evaporated species from the target material are relatively hot, 

and thereby some atoms are ionized. The underlying cloud of particles absorbs additional energy 

coming from the laser, leading to further ionization, ultimately resulting in an entirely ionized 

plasma in the target vicinity of 50 μm. Afterward, the so-called plasma plume magnifies away 

from the target surface [see Figure 3.1]. Plume particle species (atoms, molecules, ions, charged 

particles) then arrive at the substrate, resulting in the growth of the thin film. 
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Several parameters; for example, laser pulse wavelength, energy, duration as well as 

absorption coefficient and the material target reflectivity all can have an impact on the laser 

beam-target material interactions. Moreover, the plume behavior in a vacuum is not the same as 

in comparison to the environment of the ambient background gas. The plume expansion in a 

vacuum is not unidirectional, rather because of enlarged plasma density there exists a backward 

velocity component. However, the presence of background gas results in a decrease of the kinetic 

energy of plume species, leading to an increase in chemical reactions between gas and plume 

species. Moreover, laser fluence posts a substantial impact on the plume shape, and size. If the 

spot size formed by the laser on target is decreased while retaining a constant fluence, then 

material ejection decreases and subsequent plume would become shorter but wider. In contrast, if 

fluence is amplified, then an elongated plume shape is formed since the initial particles have a 

larger velocity. 

3.1.2 Growth Kinetics 

The process of thin-film deposition starts with production of the material flux atom 

species and their arrival onto the surface of substrate. If the vaporized species are not 

immediately reflected by the substrate surface, they condense onto substrate surface via kinetic 

energy transfer. The adsorbed atoms are referred to as adatoms (atoms on the substrate surface). 

Among adatoms, some undergo re-evaporation, because their energy could not overcome the 

energy of attachment. While for others, if the substrate surface is spatially uniform, then the 

diffusion of adatoms occurs, whereas the mobility is dependent on thermal energy and the 

substrate-adatoms interaction strength. The diffusion of adatoms outcomes in either adatom-

adatom binding, thus forming a small nucleus (i.e., cluster), or adatoms may also diffuse and 

become attached to existing nuclei [see Figure 3.2(a)]. Since the newly developed small nuclei 

are not stable, re-evaporation could transpire unless a smaller nucleus attains a certain size. Upon 
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attainment of critical size, the adatom attachment and disassembling rates are balanced and the 

nucleus becomes stable. As the nucleus captures more atoms, either by direct condensation of 

incoming material or via diffusive bonding of adatoms, its enlargement is elucidated by 

following one of the following growth mechanisms: (1) Volmer Weber (Island Growth) [38] (2) 

Frank–van der Merwe (Layer Growth) [39] or (3) Stranski–Krastanov (Layer + Island 

Growth) [40]. 

 

Figure 3.2. (a) Depiction of adatoms behaviors at the substrate surface, and (b) simplified 
depiction of a cluster of a deposited film. 

In 1958, Ernst Bauer introduced a classification of epitaxial film growth modes based on 

thermodynamic considerations. Three film growth modes: Frank–van der Merwe (FM), Volmer-

Weber (VW), and Stranski-Krastanov (SK) are typically observed depending upon surface 

energies or interface energy (γ). Remember, that tension is the work that should be done to 

construct a surface. Also, it is worth noting that γ is the force per unit length. Now, taking into 

consideration the film-island contact point with the underlying substrate [see Figure 3.2(b)], if 

the island wetting angle is θ, then the force at the substrate-nucleus clusters interaction location 

is [41] 

 𝛾𝛾𝑠𝑠 = 𝛾𝛾𝑆𝑆/𝐹𝐹 +  𝛾𝛾𝐹𝐹 cos𝜃𝜃 3.1 

Where, 𝛾𝛾𝑆𝑆, 𝛾𝛾𝐹𝐹 and 𝛾𝛾𝑆𝑆/𝐹𝐹 are surface tensions of substrate, film surface, and film-substrate 

interface, respectively. 
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Figure 3.3. Schematics of film growth modes; (a) Frank–van der Merwe, (b) Volmer Weber, 
and (c) Stranski–Krastanov. 

For idealized smooth as well as coherent growth, the film will completely wet the 

substrate, hence, 𝜃𝜃 = 0, which can lead to Frank–van der Merwe (FM) growth also known as 

two-dimensional growth model [see Figure 3.3(a)]. In this case, the adatoms are strongly bonded 

to the substrate surface. The stable nucleus growth ensues in two-dimensions, leading to a 

formation of a continuous monolayer on the substrate surface. The first monolayer layer is then 

covered by a second layer, but the subsequent layer is less tightly bound. The layer-by-layer 

growth persists if bonding energy keeps on declining toward bulk-like value. 

For Volmer-Weber (VW) growth mechanism [see Figure 3.3(b)], the adatoms-adatoms 

are more powerfully bonded as compared to substrate surface, resulting in development of three-

dimensional island growth. For VW growth, with 𝜃𝜃 = 0, we have 𝛾𝛾𝑠𝑠  < 𝛾𝛾𝑆𝑆/𝐹𝐹 +  𝛾𝛾𝐹𝐹. This kind of 

growth mode is shown when metals are deposited onto insulating substrates, graphite, alkali 

halides, and mica. The third kind, the Stranski-Krastanov (SK) thin film growth as shown in 

Figure 3.3(c), combines FM growth (layer-by-layer) and VW growth (islands). Initially, the 
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nucleation of adatoms outcomes in a two-dimensional monolayer development (FM-mode), 

followed by growth of three-dimensional islands (VW-mode). The change in the growth model 

from FM to VW emerges at a critical thickness and is associated with the strain build-up that can 

generally arise due to a very large film-substrate lattice mismatch. In SK growth, we have 𝛾𝛾𝑠𝑠  >

 𝛾𝛾𝑆𝑆/𝐹𝐹 +  𝛾𝛾𝐹𝐹. 

The three growth modes discussed above are valid if the thin film growth mechanism is 

near thermodynamic equilibrium, implying high substrate temperatures and low vapor flux. 

However, in PLD, film growth is not in equilibrium, thereby the growth kinetics rather than 

thermodynamics dictate the film morphology. In other words, the adatom diffusivity on the 

substrate surface in comparison to the deposition rate controlled via several parameters such as 

gas pressures, laser spot-size, laser energy, and laser fluence. regulates the film growth. The 

important kinetic parameters are; adatom diffusion constant D, adatom sticking probability at 

terrace edge, and energy barrier required to tumble over to a lower substrate-terrace. Among the 

aforementioned parameters, the diffusion coefficient is very important and is given as  [37,42] 

 D = a2ν0 exp �
−ED
kBTs

� 3.2 

Here kB is the Boltzmann constant, 𝑇𝑇𝑠𝑠 the substrate temperature, ED be diffusion barrier, 

ν0 is attempt frequency of adatom migration, and 𝑎𝑎 is adatom characteristic hopping distance 

from one site to another. The diffusion coefficient is the most vital kinetic parameter since it 

governs the average distance known as diffusion length that an adatom might travel on a 

substrate surface, before becoming immobile 

 L = √𝐷𝐷 τ 3.3 

Here, τ is lifetime of an adatom, and D the diffusion coefficient. Moreover, the diffusion 

is related to constant deposition flux as 
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 𝐿𝐿 = �
𝐷𝐷
𝐹𝐹�

1
6�
 3.4 

To understand the 2D growth, the following diffusion processes are considered: (1) 

adatom diffusion on the terrace, and (2) adatom diffusion to a lower terrace. Now, since a 

realistic substrate surface will display step terraces, which are spaced on average at 𝑤𝑤 = 𝑎𝑎 ς⁄ , 

here ς is the substrate miscut angle (radians) and a be lattice parameter of material. If the adatom 

diffusion length L (i.e., for large values of D/F) is greater in comparison to terrace width 𝐿𝐿 > 𝑤𝑤, 

then adatoms at the substrate surface remain mobile until it reaches a step edge, where it gets 

their nucleated. Since all adatoms might effortlessly arrive at the terrace edge, thereby no island 

formation arises. Thus, instead of forming new nuclei on the terrace, the adatoms become 

attached to the step edges leading to the advancement of the step edge along the terraces. This is 

termed a step-flow growth mode. On other hand, if width of terrace (w) is bigger as compared to 

adatom diffusion length 𝐿𝐿 < 𝑤𝑤, then nucleation of adatoms will occur on the terraces. In this 

case, the film could evolve on the terraces either in the Frank–van der Merwe (layer by layer), or 

Stranski–Krastanov (Layer+Island) growth mode. 

3.1.3 Reflection High Energy Electron Diffraction 

Reflection high-energy electron diffraction (RHEED) is an instrument that allows us to 

monitor and analyze the in-situ growth processes of thin films in ultra-high vacuum systems. 

RHEED utilizes a very fine collimated electron beam. First, the electrons produced in a filament 

followed by beam production having electronic accelerating energies of nearly 10-100 keV. The 

generated electron beam is focused onto a specimen at an angle of less than ~3°, leading to 

diffraction. The diffracted electron beam from the sample surface reaches a fluorescence screen. 

Consequently, an RHEED pattern is formed and could be recorded by utilizing a CCD or photo 

camera, just outside the viewport of the vacuum chamber. Generally, the Ewald sphere 

construction is employed for the understanding of the RHEED diffraction pattern [see Figure 
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3.4(a)]. 

 

Figure 3.4. Geometrical setup of RHEED. (b) RHEED oscillations, where initial nucleation 
introduces the surface roughness and damping of RHEED intensity, through after filling of 
gaps, the intensity increases and achieves its maximum values upon completion of one smooth 
monolayer. 

In three dimensions, the reciprocal lattice comprises a set of points. However, in RHEED, 

for a smooth single crystal surface, electrons are reflected from the surface. In this case, the 

electrons merely interact with the topmost film-layers, and hence diffraction comes only from the 

uppermost layers of the material. Thus, no diffraction condition exists in the third dimension, 

which is normal to surface of sample. Consequently, because of absence of a third diffracting 

condition, in 2D, the reciprocal lattice is not signified by points, rather it consists of a series of 

infinite rods or lines along the surface normal. In the presence of surface imperfections or finite 

response of the RHEED system, these rods are often expanded and possess a finite width. The 

diffraction condition will be satisfied if these lines or rods in the reciprocal space intersect the 

Ewald sphere. The Ewald sphere intersection with individual reciprocal rods results in a reflected 

beam, which is stretched out in form of a specular streak or spots. The streaks reside on the so-

called Laue circles. The diffraction pattern, therefore, comprises a series of streaks or spots as 

shown in Figure 3.4(a). The smallest circle is a zeroth-order Laue circle and others are called 
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higher-order Laue circles. Thus, the RHEED pattern is a group of points on the so-called Laue 

circles (concentric) around the center point. 

The growth of thin films in PLD could be monitored by an in-situ RHEED. In pulse laser 

deposition, the specular-spots intensity is logged as function of time The diffraction intensity is 

maximum if the sample surface is smooth [see Figure 3.4(b)]. Though upon adatoms nucleation, 

the surface roughness is transformed, leading to decrease in diffraction and specular spots 

intensity [see Figure 3.4(b)]. This tendency endures until approximately 40% of the surface is 

covered with the deposited material. Afterward, the incoming material fills in the remaining 

gaps, increasing the specular intensity. Once a smooth film-layer covers the substrate surface, the 

diffraction intensity retains back maximized value. Hence, via monitoring the intensity 

oscillations, the exact film thickness and termination could be deterministically controlled. 

3.1.4 PLD Deposition System 

The experimental PLD thin film growth chamber is revealed in Figure 3.5. Thin-film 

deposition via employing a pulsed laser deposition process (PLD) occurs in a vacuum chamber. 

The vacuum is maintained via a combination of roughing and Turbomolecular pumps. The 

deposition chamber is equipped with a rotating carousel, where six material targets could be 

mounted, and a sample stage (which could be heated ~1000°C). The High-Pressure Reflection 

High Energy Electron Diffraction (HP-RHEED) permits in-situ thin film growth monitoring. In 

the experiments described here, a KrF excimer laser (Lambda Physic, Compex) with a 

wavelength of 248 nm and frequency of 10 Hz is utilized. 

The base pressure in the chamber is ~10-9 mbar, where a vacuum is attained via a 

combination of mechanical and turbo-molecular pumps. The PLD growth chamber is isolated by 

gate valves from the load-lock chamber, and the main chamber (consisting of Low energy 

electrons diffraction-LEED, X-ray Photoemission Spectroscopy-XPS, and Scanning Tunnel 
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Microscopy). For deposition, the substrate is placed on the sample holder, then it could be heated 

to a specific temperature. The substrate heating is performed via resistive heating, where a Pt-

wire is wounded around the ceramic plate, which sits on a holder. With this specially designed 

heater, uniform heat distribution could be achieved. A pyrometer is used to read the deposition 

temperature. In the PLD chamber gasses such as oxygen could be introduced during the 

deposition process, where typical pressures range from 10-6 to 10-4 Torr. 

 

Figure 3.5. Schematic depiction of the pulsed laser deposition chamber. 
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3.2 Perovskites Heterostructures Characterization 

This section provides details about the characterization techniques employed for the 

structural and physical properties of perovskite oxide heterostructures. The perovskite structural 

analysis is mainly characterized X-ray diffraction and scanning transmission electron 

microscope. For the electrical transport and magnetization measurements, the quantum design 

physical property measurement system (PPMS) and Magnetic Properties Measurement System 

(MPMS) are utilized, hence the working principles of SQUID and PPMS are described. 

3.2.1 Scanning Transmission Electron Microscope 

An electron microscope is a scientific instrument that utilizes a highly accelerated 

electron beam to scrutinize objects. There are three microscopes available: (1) Scanning Electron 

microscope (SEM), (2) Transmission electron microscope (TEM), and (3) Scanning 

Transmission Electron Microscope (STEM). 

 

Figure 3.6. Illustration of electronic interactions a sample. 

In SEM, the sample images are formed via scanning the specimen surface with an 

electron beam in a raster scanning pattern. The interaction of electrons with the specimen atoms 

outcomes in several signals that encompass details regarding the samples such as surface 

morphology, topography, and chemical composition. In TEM, a focused electrons beam 
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undergoes transmission, since samples are very thin.  The electron beam interaction with the 

specimen outcomes in several signals, as represented in Figure 3.6. In SEM, the secondary and 

backscattered electrons are used for imaging. While in the STEM, the beam of electrons is 

focused on a fine location (0.05 – 0.2 nm), and could be scanned in a raster pattern. In TEM, 

coherently elastically scattered electrons are collected to produce the images. 

The schematic illustration of a TEM column is depicted in Figure 3.7. The electron gun 

emanates an electron beam into an evacuated column via thermionic guns or field-emission gun. 

Here, the electron beam is accelerated, where the accelerating voltage is about 60 to 1000kV. In 

the TEM column, the electron beam path is controlled and collimated via utilizing the condenser 

lenses. An aperture is inserted to remove the widely scattered electron. The fine-tuning of the 

condenser lens system yields a collimated (parallel) or convergent incident mode having 

different spot sizes while interacting with the sample. In the TEM, the specimen is located 

between the condenser aperture and objective lenses. Here, the beam-specimen interactions take 

place, thereby various images and diffraction patterns are subsequently magnified for viewing. 

The electron beam transmits through specimen and is incident onto an objective lens. The 

objective lens is utilized primarily for the focusing and initial magnification of the image. The 

objective lens carries a magnification of ~20-50 times. The objective aperture filters transmitted 

beams that originate from the specimen in a specific range of angles. Next, the projector lens 

further magnifies the image coming from the objective aperture and then projects the signal onto 

a phosphor viewing screen. The signals generated are detected using numerous devices. The final 

image is observed via projection onto a phosphorescent screen, where photons are emitted when 

illuminated by the electron beam. A film camera is located underneath the phosphorescent 

screen. Nevertheless, a substitute for photographic film involves a computer digitizing and 

archiving camera. 
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Figure 3.7. Schematics of TEM and STEM. 

The method of image development for STEM microscope mode is comparatively 

different from the TEM. In a STEM, the beam of the electron is focused on a very small location 

of the specimen surface, thereby scanning the beam in a raster pattern over the specimen. In a 

STEM as depicted in Figure 3.7, the emanated electron beam passes through the condenser lens 

and aperture, which is then manipulated via scanning coils. The purpose of the scanning coils is 

to decrease the beam diameter and control the beam position, while the beam raster scans across 

the specimen. After the fine collimation of the beam via scanning coils, the beam passes through 

the objective lens and is projected onto the sample, and finally, the different signals are detected. 

The dispersed electrons are gathered via a series of detectors that cover different angular ranges. 

The detectors include a bright field (BF) detector, an Annular Dark Field (ADF) detector, High 

Angle Annular Dark Field (HAADF) detector as shown in Figure 3.8. 
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The bright-field signal is produced via detecting the transmitted beam on a bright-field 

detector. Bright-field mode is the traditional imaging mode for TEM where the transmitted 

electrons without much deflection are utilized to produce the image. Since the transmitted beam 

is collected by the BF detector, thus vacuum appears bright, while crystalline or high mass 

materials will appear dark. The BF gathers elastically scattered electrons with a scattering angle 

of less than 10 mrad. 

 

Figure 3.8. Depiction of the bright-field (BF), annular dark-field (ADF), and high-angle 
annular dark-field (HAADF) detectors of a STEM. 

The annular dark-field detector (ADF) gather signals from the scattered electrons. In the 

dark field mode, the transmitted beam is omitted, while the dispersed electron beam is selected. 

Therefore, the parts with material presence look bright, while the areas where no electron 

scattering occurs, appear black (dark) [see Figure 3.9]. In the underlying cause, the heavier the 

atom, the larger the scattering, which leads to an atomic number (Z) contrast in the image. 

Hence, in ADF, the regions with heavier regions are brighter, while in the bright field the regions 

with heavier atoms are darker as shown in Figure 3.9. 
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If incident electron is nearby atomic nucleus, then electron will be elastically scattered at 

higher angles and are gathered by the HAADF detector, forming a HAADF image. The ADF 

gathers the electrons with angles in 10-50 mrad, While, HAADF collects the incoherent electron 

scattered at angles higher than 50 mrad. In case of HAADF imaging, brighter spots generally 

characterize the heavier atoms, and the darker regions signify the light elements. 

 

Figure 3.9. Annular dark-field (left panel) and inversed-annular bright-field (right panel) 
imaging of SrTiO3. 

3.2.2 X-ray Diffraction 

X-ray diffraction (XRD) is a systematic instrument to detect and quantitatively determine 

crystallographic forms, orientation, lattice parameters, texture, crystallite size, phases, etc. X-

rays are electromagnetic radiations analogous to light, though possess a smaller wavelength. In 

an X-rays tube, electrons are generated via heating of a tungsten filament cathode, where this 

cathode is held at a large negative potential. The emitted electrons are accelerated via high 

potential 20-60 KV toward a metal target (anode). The collision with the target (water-cooled 

anode) results in an energy loss of electrons, which manifests itself as X-rays. If incident 

electrons colliding with the target possess large enough energy, then it might remove an electron 

from the atom's inner shell (target), leading to an excited atomic state. Thus, to lower the overall 

energy, a higher-shell electron jumps to lower shell [see Figure 3.10]. Consequently, an X-ray 
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photon emission has energy equivalent to difference between lower-and higher-energy shells. 

The emitted radiation thus possesses a unique wavelength signature of the target element. The X-

rays emit in all possible directions, however, a narrow beam with a tiny angle is permitted to 

come out of the evacuated tube, which is then collimated and directed onto the sample. 

Consider, that an X-ray beam is focused onto a crystal having collection of atoms 

positioned in particular parallel planes. The crystallographic planes designated as Miller indices 

(hkl) are parallel atomic planes bisecting the unit cell, and these are utilized to define 

crystallographic directions. The X-ray diffraction techniques are grounded on the reflection of x-

rays from these parallel atomic planes. It should be noted that x-rays are not being reflected, 

rather they are scattered, however, it is convenient to picture them as being reflected. 

 

Figure 3.10. Representation of X-ray’s emission. 

As revealed in Figure 3.11, assume an X-ray beam is directed (making an angle θ with 

crystal planes) onto a crystal possessing periodically arranged atoms on a set of parallel miller 

planes. When X-rays interact, then individual atoms can scatter incident X-rays, and if we have 

several atoms, then the X-ray beam scatters in all possible directions. However, here we take into 

consideration that scattering happens with angle θ as in Figure 3.11. Because of the periodic 

atomic arrangement, the X-rays scattered could be in phase and thereby interferes constructively. 

According to Figure 3.11, the distance between the planes is d, and path difference among 
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incident and reflected beams is 2dsinθ. The constructive interference occurs only if path 

difference is an integer multiple of X-rays wavelength: 𝑛𝑛𝑛𝑛 = 2𝑑𝑑 sinθ. This condition is Bragg’s 

law. Where λ is the incident X-ray wavelength, n is an integer, d the inter-planer spacing, and θ 

the incidence and reflection angle. Thus via, using a monochromatic X-rays beam of known 

wavelength λ and measuring the θ, the plane spacing d could be determined. 

 

Figure 3.11. Bragg diffraction condition. 

Generally, the X-ray diffraction technique involves measurement of the diffraction angle 

2θ, rather than θ. Thus, by simultaneously, altering the incident wave packet angle and detection 

angle to equivalent θ values, the reflected wave packet intensity could graph versus the 2θ value. 

From the diffraction measurements via Bragg’s law, the inter-planer spacing d is obtained, and 

then lattice parameter a is obtained, since, the interplanar spacing d is related to (a) and hkl in 

cubic systems as follows [43,44] 

 𝑑𝑑 =
𝑎𝑎

√ℎ2 + 𝑘𝑘2 + 𝑙𝑙2
 3.5 

The X-ray diffraction in reciprocal space is described via a geometrical construction 

identified as the Ewald sphere. 

To construct the Ewald’s sphere in k-space proceed as follows: Draw an incident beam 



63 
 

having wave vector 𝒌𝒌 with length 1/λ. In our case, the origin of reciprocal space lies at the end 

point of wavevector 𝒌𝒌. A sphere (circle in 2D) of radius 2π/λ is then drawn. This sphere is 

identified as the Ewald sphere or the sphere of reflection. When any reciprocal lattice point (hkl) 

lies on Ewald sphere, then diffraction emerges. 

 

Figure 3.12. (a) Depiction of the Laue condition and Bragg plane. (b) Ewald’s sphere. 

 The diffracted beam with wave vector 𝒌𝒌′  and length 1/λ is drawn from the sphere origin 

to the intersecting point (hkl). Since, 𝒌𝒌 and 𝒌𝒌′  have the same magnitude, the endpoints of both 

vectors are located on a circle, and hence the scattering vector is 𝑲𝑲 =  𝒌𝒌′ –𝒌𝒌  must lie on the 

surface of a sphere. Moreover, it follows that both 𝒌𝒌 and 𝒌𝒌′  make the same angle θ with a plane 

perpendicular to 𝑲𝑲, thus an angle between 𝒌𝒌 and 𝒌𝒌′  is 2 θ. In reciprocal space, a constructive 

interference transpires, if the change in wave vector 𝑲𝑲 equals a reciprocal lattice vector 𝑮𝑮. This 

is Laue condition. The Laue condition is satisfied if the tip of the incident and diffracted wave 

vectors must have to lie Ewald’s sphere surface. The condition 𝑲𝑲 = 𝑮𝑮  is satisfied whenever the 

surface of the sphere coincides with the point of the reciprocal lattice. At these points, the 

diffraction beams are produced and they are labeled with indices (hkl) corresponding to the 

relevant reciprocal lattice point. Thus, Bragg reflection occurs with a Bragg angle θ, from the 

real lattice planes that are perpendicular to the reciprocal lattice vector. 



64 
 

In epitaxial films, the lattice constant and substrate are very close, hence, special 

experimental equipment is necessary that could determine closely spaced peaks (normally 0.001° 

apart) of the substrate and film. This is performed via high-resolution X-ray diffraction 

(HRXRD). Figure 3.13 depicts the set-up of a typical HRXRD. 

 

Figure 3.13. Graphics of (a) High-resolution XRD diffractometer, and (b) sample stage. 

To attain the necessary high resolution, monochromatic X-rays and an analyzer are 

required. The monochromator comprises two parallel Ge (220) crystals and a mirror to focus X-

rays. On other hand, analyzer assists in the reduction of beam divergence. There are four angles 

ω, 2θ, φ, and χ of diffractometer. The incidence angle is ω (angle between the incoming X-ray 

and the specimen holder), while a reflection angle is 2θ (angle between an extended incident X-

ray and reflected beam). Moreover, the sample holder undergoes 360° rotation around its surface 

normal axis, whereas this rotation angle is φ. Additionally, the specimen holder could either tilt 

up or down 180°, whereas χ signifies the tilting angle. Moreover, x and y correspond to the 

horizontal and vertical positions, respectively, and z the sample height. 

θ-2θ scan.  In this case, both sample holder and detector are rotated, while keeping ω = θ, 

hence, called symmetric scan. During the scan, the incoming and reflected X-ray beam angle is 
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changed simultaneously. Thus, in the θ-2θ scan, a scattering vector 𝑠𝑠 is perpendicular to film 

plane. This θ-2θ scan permits planes that are parallel to the specimen surface to produce 

diffraction, while others cannot since the reciprocal vector of the other planes resides in a 

different direction from 𝑠𝑠, implying no Bragg’s diffraction. In the symmetric θ-2θ scan, the 

reflection befalls from parallel crystal planes aligned parallel to the specimen surface, therefore, 

this scan yields an information only about out-of-plane film orientation. The symmetric scan (θ-

2θ) is utilized for measurements such as lattice constant, crystallinity, and thin films phase. 

Figure 3.14(a) depicts an example of symmetric θ-2θ scan. The most intense peak generally 

corresponds to the substrate, while the film peak can appear either right or left of the substrate 

peak, depending on the tensile or compressive strain, respectively. As an example, the film peak 

in Figure 3.14(a) is at a higher angle as compared to the substrate peak, thus it shows that film is 

under tensile strain. Moreover, thickness fringes, are the result of interference for beams 

originating from the substrate-film interface and film surface. Normally, presence of fringes 

demonstrates the crystallinity of thin-film, as for the manifestation of interference fringes, the 

film interface and surface have to be well-defined. 

 

Figure 3.14. Depiction of (a) θ-2θ scan, (b) rocking curve (omega scan), and (c) reciprocal 
space map. 

ω-scan. In this scan, detector and X-ray source are stationary, while the specimen is 

rotated or “rocked”, hence only ω changes. Thus, the scan is termed a rocking curve (intensity vs 
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omega). In a rocking curve scan, detector is at a specific Bragg angle 2𝜃𝜃ℎ𝑘𝑘𝑘𝑘 , while the sample is 

rocked at a small angle (varying ω). The ω scan is utilized to measure orientation and spread of a 

film (mosaicity), imperfections, dislocations, misorientation, and inhomogeneity. An example of 

intensity vs omega is shown in Figure 3.14(b). We often use full width at half maximum 

(FWHM) to define broadening of peak. If the peak is wider, the greater the material volume 

possesses an orientation slanted from the normal of the substrate. As the mosaicity and curvature 

often result in absence of perfectly parallel planes, consequently, some of the planes are tilted 

and the sample needs to rock at certain angles to fit the diffraction vector, which causes the 

broadening of the rocking curve. 

χ scan. In χ scan, the specimen holder is tilted either up or down, while 2θ and ω are kept 

static at specific values or in other words, the sample plane is rotated with respect to the 

incoming beam. 

φ scan. In case of φ scan, specimen holder undergoes a rotation by 360° about the sample 

holder's normal, whereas the other three circles are kept the same. 

Reciprocal Space Mapping. Additional information about the inter-planar spacing and 

defects could be attained from reciprocal space maps (RSM). RSM is a 2D section in reciprocal 

space, in which both ω and 2θ are scanned. RSM is gained via a sequence of ω-2θ scans at 

successive ω-values, thereby resulting in a mapping pattern. The mapping provides information 

about the film epitaxy, i.e., strained, relaxed, or if there are any periodicities in the film. 

3.2.3 Magnetic Properties Measurement System 

The magnetization measurements were completed via the Magnetic Properties 

Measurement System (MPMS). The MPMS is a very sensitive magnetometer, which utilizes a 

liquid Helium cooled superconducting quantum interference device (SQUID). The SQUID is 

made from superconducting loops comprising Josephson junctions. The measurements could be 
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done in the temperature range 1.9-400 K. Liquid helium and liquid nitrogen are utilized to cool 

the magnet and control the temperature inside the sample space. The highly homogeneous 

superconducting magnet provides a magnetic field strength of 8 Tesla having uniformity of 

nearly 0.01% at a distance of 4 cm. The Reciprocating Sample Option (RSO) included in MPMS 

can measure DC magnetization  in range of 1×10-8 emu to 5 emu. 

 

Figure 3.15. Schematic representation of SQUID detection. 

 MPMS utilizes a DC scan technique to measure magnetic flux in a superconducting loop 

as a function specimen position as shown in Figure 3.15, the sample is mounted such that it can 

move through the superconducting detection coils. For the measurements, the sample moves 

slowly parallel to the applied magnetic field between superconducting detection coil. As a result, 

the magnetic flux changes, thereby inducing an electric current in detection coils. The induced 

current is inductively attached to current-to-voltage converter (SQUID region). After the sample 

has moved through a certain range (~4 cm), the measured signal is fitted and then converted into 

a magnetic moment value in emu.  It should be noted that as the detection coil and the SQUID 

input coil arrangement create a closed superconducting loop through the connecting wires, any 
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current modification in the detection coil results in a subsequent change in the SQUID output 

voltage. Hence, the specimen magnetic moment could be converted to the output voltage, which 

the system measures. 

3.2.4 Physical Property Measurement System 

The Quantum Design Physical Property Measurement System (PPMS) is versatile 

characterization instrument capable to perform various measurements such as electronic 

transport, DC/AC magnetization, and torque magnetization, etc. The PPMS could accomplish 

measurements in 1.75-400 K and external magnetic fields of 14 Tesla. The PPMS major 

components are (1) Dewar, (2) Probe, (3) Model 6000 PPMS Controller, (4) Vacuum Pump, and 

(5) Electronic cabinet [45]. 

Dewar is constructed from aluminum metal; consisting of superconducting magnet and 

contains liquid helium. The Dewar outer layer possesses a reflective superinsulation to minimize 

helium loss. Moreover, the Dewar is enclosed by a jacket space that comprises liquid nitrogen. 

The Dewar cools down the elements contained inside the probe assembly. The schematic 

illustration of the Dewar is portrayed in Figure 3.16(a). 

The Probe is constructed from several stainless tubes. The probe comprises numerous 

tools such as temperature sensing, electronic interfaces, superconducting coils, and helium gas 

impedance tubes. To avoid the radiative power loss into helium, the probe assembly between its 

inner and outer vacuum tubes is made in such a way that it possesses an extremely insulated 

vacuum section. The experimental apparatus is positioned inside a vacuum tube, which goes 

through the center of the probe [see Figure 3.16(b)-(c)]. With the assistance of a 12-pin 

connection, the experimental device could be connected to the Model 6000 Controller. 

The Model 6000 PPMS Controller is a user interface that comprises a CPU, motherboard, 

system bridgeboard, and gas-control valves. The CPU regulates the system processing, while the 
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motherboard administers the system integrations. The function of the bridgeboard is to supply 

the temperature of the system information, where the combination of gas valves inside Model 

6000 is utilized to regulate the temperature. 

 

Figure 3.16. Physical property measurement system (a) Dewar, (b) probe, and (c) sample 
chamber. Adapted from  [46]. 

Furthermore, the operation of the vacuum pump is to regulate the sample chamber 

pressure and with that, it also assists in thermal control. This pump is installed below the 

electronic cabinet. The electronic cabinet houses several configurations such as a model 6000 

controller, vacuum pump, and power supplies. Moreover, the power cables are attached to the 

electronic cabinet. Additionally, the electronic cabinet is related with the MultiVu programming 

interface. MultiVu is Windows-based software, which holds the essentials to run the 

measurements. With this interface, the measurement sequences along with other control 

parameters necessary for measurement operations are developed and controlled. 
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The electro-magnetic properties of ultrathin epitaxial ruthenate films have long been the 

subject of debate. Here we combine experimental with theoretical investigations of (SrTiO3)5-

(SrRuO3)n-(SrTiO3)5 (STO5-SROn-STO5) heterostructures with n = 1- and 2-unit cells, including 

extensive atomic-resolution scanning-transmission-electron-microscopy imaging, electron-

energy-loss-spectroscopy chemical mapping, as well as transport and magneto-transport 

measurements. The experimental data demonstrate that the STO5-SRO2-STO5 heterostructure is 

nearly stoichiometric, metallic, and ferromagnetic with TC ~ 128 K, even though it lacks the 

characteristic bulk-SRO octahedral tilts and matches the cubic STO structure. In contrast, the 

STO5-SRO1-STO5 heterostructure features Ru-Ti intermixing in the RuO2 layer, also without 

octahedral tilts, but is accompanied by a loss of metallicity and ferromagnetism. Density-

functional-theory calculations show that stoichiometric n = 1 and n = 2 heterostructures are 

metallic and ferromagnetic with no octahedral tilts, while non-stoichiometry in the Ru sublattice 

in the n = 1 case opens an energy gap and induces antiferromagnetic ordering. Thus, the results 

indicate that the observed non-stoichiometry is the cause of the observed loss of metallicity and 

ferromagnetism in the n = 1 case.1 

4.1 Introduction 

Complex-oxide heterostructures have generated significant interest because of their 

diverse emergent phenomena, including ferromagnetism [47–49], ferroelectricity [50], interfacial 

2D electron gas [51], topological spin texture [52], strain-induced superconductivity [53], etc. 

However, one limitation in the design of thin-film-based oxide heterostructures is the occurrence 

 

1 This work is published as: Ali, Zeeshan, Zhen Wang, Andrew O’Hara, Mohammad Saghayezhian, Donghan Shin, 
Yimei Zhu, Sokrates T. Pantelides, and Jiandi Zhang. "Origin of insulating and nonferromagnetic SrRuO3 
monolayers." Physical Review B. 105, 054429 (2022). 
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of dead layers exhibiting insulating and non-ferromagnetic (FM) behavior below a certain film 

thickness [54–56]. As a prototype example, bulk 4d transition-metal oxide SrRuO3 (SRO) has an 

orthorhombic perovskite lattice structure and a FM-metallic ground state with a Curie 

temperature of ~160 K [9]. However,  ultrathin films of SRO grown on substrates such as SrTiO3 

(STO) exhibit intriguing properties that are different from bulk counterparts [57], including the 

occurrence of metal-insulator transition (MIT) and non-FM state [56,58].  

Historically, the earliest experimental investigation by Toyota et al. [59,60] initiated 

interest in thickness-dependent properties of SRO, where MIT is observed to arise at a film 

thickness of 4-5 unit-cells (u.c.). Nonetheless, different values have since been reported for the 

MIT critical thickness, from 2 u.c. [56], to 3 u.c. [58,61,62], and 4 u.c. [63], with the variance 

usually attributed to the degree of disorder existing in films. Numerous theoretical studies have 

explored the origin of MIT, while remaining inconclusive regarding the critical thickness and 

nature of the ground state, i.e., whether FM or antiferromagnetic (AFM) insulator [13,64–66]. 

Several authors suggested that reducing film thickness may enhance electronic correlations [67–

69] and result in a structural transition [70]. Rondinelli et al. [13], however, reported a 

comprehensive theoretical investigation of these effects and found that neither enhanced 

electronic correlations nor structural transitions could reproduce the experimentally observed 

MIT, leading to a suggestion that extrinsic effects (such as surface disorder and defects) or 

dynamic spin correlations may be the dominant factor. To overcome the surface-induced 

disorder, single-unit SRO in the form of (SRO)1-(STO)5 superlattice geometry has been 

examined experimentally. However, different ground states of single-u.c. SRO superlattices are 

obtained, from a non-FM insulator [71,72] to FM insulator [73] to borderline FM metal [74]. 

They are in contrast to the theoretically suggested half-metallic state for 1 u.c. SRO layer 

confined within STO lattice [68].  
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In this thesis, we report a combined experimental and theoretical investigation on 

(SrTiO3)5-(SrRuO3)n-(SrTiO3)5 (STO5-SROn-STO5) heterostructures (n = 1, 2 u.c.). Electric- and 

magneto-transport measurements demonstrate that STO5-SRO1-STO5 is insulating and non-FM, 

whereas STO5-SRO2-STO5 is FM-metallic with a Curie temperature of ~128 K. Atomically 

resolved structural analysis reveals that octahedral tilts are absent in both heterostructures, thus 

ruling out such structural changes as a controlling factor for such drastic property differences. On 

the other hand, atomically resolved electron-energy-loss-spectroscopy (EELS) chemical maps 

show that STO5-SRO1-STO5 is nonstoichiometric with substantial interface induced Ti-Ru 

intermixture, while STO5-SRO2-STO5 is nearly stoichiometric. Density functional theory (DFT) 

calculations find that stoichiometric STO5-SROn-STO5 (n = 1, 2 u.c.) are still FM-metallic 

without SRO octahedral tilts. Ru deficiency caused by Ti-Ru intermixing leads to the 

stabilization of AFM ordering and insulating behavior in the monolayer SRO indicating that the 

experimentally observed intermixing is indeed responsible for the observed loss of metallicity 

and ferromagnetism. 

4.2 Heterostructure Fabrication and Characterization 

Film Epitaxy. Heterostructures of the form STO5-SROn-STO5 with n = 1, 2 u.c. were 

fabricated via pulsed laser deposition (PLD) on SrTiO3 (STO) substrates oriented with a (001) 

surface. Both STO5-SRO1-STO5 and STO5-SRO2-STO5 heterostructures have two repetitions of 

SRO/STO building blocks [see Figure 4.1(a)]. The STO substrates were first sonicated in 

deionized water and then treated for 30 seconds in buffered hydrogen fluoride, followed by 

annealing at 950° C in an oxygen atmosphere to produce atomically smooth surfaces. The SRO 

and STO films were grown at 650° C with an oxygen pressure of 100 mTorr and 10 mTorr, 

respectively. A KrF excimer laser (λ = 248 nm) laser repetition with a rate of 10 Hz (SRO) and 5 

Hz (STO), and energy of 300 mJ (SRO) and 260 mJ (STO) was used. Post deposition, the 
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samples were cooled down at ~12°/min to room temperature in 100 mTorr oxygen. 

The film thickness was monitored by an in-situ reflection high-energy electron diffraction 

(RHEED). Figure 4.1(b) and Figure 4.1(c) show in situ RHEED results. Time dependent 

RHEED oscillations show stabilized layer-by-layer film-growth mode throughout the deposition 

process. Moreover, the RHEED pattern of SRO and STO sublayers indicates an atomically 

smooth film surface. 

 

Figure 4.1. STO5-SRO1-STO5 heterostructure: (a) schematic sketch, and (b) In-situ RHEED 
patterns of STO substrate, SRO, and STO sublayers. (c) Time-dependent RHEED intensity 
profile. 

Electrical transport measurements. Electron transport measurements were performed via 

a Quantum Design Physical Property measurement system in a four-probe configuration. The 

magnetoresistance (MR) was measured at different temperatures by applying an external 

magnetic field along film normal. 

Magnetometry. The samples magnetization was studied by using a Quantum Design 

Superconducting Quantum Interference Device Reciprocating Sample Option. The 
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magnetization as a function of temperature M(T) measurement was obtained via first cooling the 

samples down to 5 K under the 0.2 T field, and then while warming in presence of 0.01 T, the 

M(T) data was collected. 

Scanning transmission electron microscopy (STEM) and electron energy loss 

spectroscopy (EELS). The structure and composition of the samples were investigated via 

atomic-resolution HAADF/ABF- STEM imaging and EELS mapping. STEM and EELS 

experiments were performed on a 200 kV JEOL ARM electron microscope at Brookhaven 

National Library equipped with double aberration correctors, a dual energy-loss spectrometer, 

and a cold field-emission source. TEM samples were prepared using a focused ion beam with 

Ga+ ions followed by Ar+ ions milling to a thickness of ~30 nm. The atomic-resolution STEM 

images were collected with a 21 mrad convergent angle (30 μm condenser aperture) and a 

collection angle of 67 – 275 mrad for high-angle annular dark-field (HAADF) and 11 – 23 mrad 

for annular bright-field (ABF) imaging. The atomic positions were obtained using two-

dimensional Gaussian fitting following the maximum intensity. 

The microscope conditions were optimized for EELS acquisition with a probe size of 0.8 

Å, a convergence semi-angle of 20 mrad, and a collection semi-angle of 88 mrad. Dual EELS 

mode was used to collect low-loss and core-loss spectra simultaneously for energy drift 

calibration in the collecting process.  EELS mapping was obtained across the whole film with a 

step size of 0.2 Å and a dwell time of 0.05 s/pixel. The EELS background was subtracted using a 

power-law function, and multiple scattering was removed by a Fourier deconvolution method. 

4.3 Results and Discussions 

4.3.1 Structure and Composition 

The intensity in the HAADF image is roughly proportional to Z~2 (Z is an atomic 

number), depicting directly heavy-atom positions, whereas ABF imaging is useful for 
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visualization of lighter atoms such as oxygen. The STEM images of STO5-SRO1-STO5 with two 

repeating blocks of single-u.c. SRO are shown in Figure 4.2. 

 

Figure 4.2. Atomically resolved structure of STO5-SRO1-STO5 (with two single-u.c. SRO 
repeating blocks) viewed along the [100] direction: (a) large area HAADF-, (b) high 
magnification HAADF-, (c) intensity-inversed ABF, and (d) zoomed inversed ABF-STEM 
images. The dotted orange line marks the interface, whereas red and green squares in panel (c) 
signify the projected octahedral shapes in STO and SRO. (e) out-of-plane and (f) in -plane 
lattice parameter c and b, respectively, as a function of distance from the film-substrate 
interface. The error bar shows the standard deviations of the averaged measurements along the 
b-axis. The pseudocubic lattice parameters of bulk STO (3.905 Å) and SRO (3.925 Å) are 
indicated by a red and blue solid line, respectively. (g) Variation of projected octahedral tilt 
angle (ϕ). The definition of ϕ is specified in the inset. The solid blue line in panel (g) marks 
the ϕ in bulk SRO (~7.2°). No octahedra tilts across the interfaces are observed. 

The individual Sr (Z = 38), Ru (Z = 44), and Ti (Z = 22) atoms could be distinguished 

based on intensity contrast [see Figure 4.2(a)-(d)], permitting us to determine the hetero-

interfaces [see yellow lines in Figure 4.2(b)-(d)]. The HAADF-STEM images reveal that the 
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crystalline lattice is coherent across the interfaces in the entire heterostructure. Furthermore, it 

can be seen from the HAADF image that the Ru column in the 1st SRO block is darker than that 

in the 2nd SRO block, which is related to severe Ti-Ru intermixing as will be discussed later. 

To quantitatively examine the lattice-mismatch-induced structural distortions, we 

determined the out-of-plane (OOP) and in-plane (IP) lattice parameters from A-site atomic 

positions [see Figure 4.2(e) and Figure 4.2(f)]. The IP lattice parameter (b) of the SRO/STO 

interlayer is consistent with the STO substrate [Figure 4.2(f)], indicating the sublayers are fully 

compressively strained (Bulk: 𝑎𝑎𝑆𝑆𝑆𝑆𝑆𝑆 =3.905 Å and 𝑎𝑎𝑆𝑆𝑆𝑆𝑆𝑆 = 3.925 Å). The OOP lattice parameter 

(c) of the SRO blocks [Figure 4.2(e)] is nearly the same as that of STO, suggesting a cubic 

symmetry, but the octahedral volume is smaller (59.85 ± 0.09 Å3) than the bulk SRO (~ 60.37 

Å3) value of RuO6, which is associated with Ti-Ru intermixture (discussed later). 

Furthermore, in the ABF image [see Figure 4.2(c)-(d)] of the STO5-SRO1-STO5 

heterostructure, oxygen columns are visible hence permitting us to determine the octahedral 

geometry. We have determined the projected octahedral tilt angle (ϕ) as a function of atomic 

distance [see Figure 4.2(g)]. The definition of ϕ is shown in the inset of Figure 4.2(g). The ϕ of 

SRO and STO interlayers are nearly constant (averaged ϕ ≈ 0.37° ± 1.2°) and comparable to the 

value of STO substrate (ϕ ≈ 0.27° ± 1.07°), suggesting that the RuO6 octahedral tilt is completely 

suppressed, while the projected RuO6 octahedra are illustrated with the red/green box in Figure 

4.2(c)-(d). 

The atomic-level view of the STO5-SRO2-STO5 heterostructure with two 2-u.c. SRO 

repeating blocks is shown in Figure 4.3. The STEM images show coherent growth of the film 

where the two 2-u.c. SRO blocks are marked in Figure 4.3(a)-(d). Additionally, the trend of 

having a nearly constant IP lattice parameter (b) reiterates that the SRO/STO interlayers are 

epitaxially strained [Figure 4.3(f)], ensuring a high-quality heterostructure. The OOP lattice 
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parameter (c) of the STO layer follows its bulk value [Figure 4.3(e)], while the SRO blocks show 

increased OOP lattice parameter due to compressive strain, suggesting a tetragonal symmetry. 

This OPP lattice parameter (c) in 2-u.c. SRO blocks is also larger than that of monolayer SRO 

heterostructure [see Figure 4.2(e)], which will be discussed later. 

 

Figure 4.3. Atomically resolved structure of STO5-SRO2-STO5 (with two single-u.c. SRO 
repeating blocks) viewed along the [100] direction: (a) large area HAADF-, (b) high 
magnification HAADF-, (c) intensity-inversed ABF, and (d) zoomed inversed ABF-STEM 
images. The dotted orange line marks the interface, whereas red and green squares in panel (c) 
signify the projected octahedral shapes in STO and SRO. (e) out-of-plane and (f) in -plane 
lattice parameter c and b, respectively, as a function of distance from the film-substrate 
interface. The error bar shows the standard deviations of the averaged measurements along the 
b-axis. The pseudocubic lattice parameters of bulk STO and SRO are indicated by a red and 
blue solid line, respectively. (g) Variation of projected octahedral tilt angle (ϕ). The definition 
of ϕ is specified in the inset. The solid blue line in panel (g) marks the ϕ in bulk SRO (~7.2°). 
No octahedra tilts across the interfaces are observed. 

On the other hand, for the STO5-SRO2-STO5 heterostructure, the SRO block maintain an 



78 
 

average octahedral tilt angle of ϕ ≈ 0.26° ± 1.3° [as opposed to bulk SRO ϕ ~ 7.2°, see Figure 

4.3(g)], whereas the observed ϕ of SRO interlayer is similar to the ϕ  prevailing in the STO 

substrate (0.25° ± 1.15°). Given that octahedral unit’s preserve their connectivity via corner-

shared oxygen atoms, the ultra-thin SRO confinement between cubic STO blocks facilitates the 

entire suppression of RuO6 octahedral tilt angle, leading to stabilization of the artificially 

engineered bond angle of SRO [8,75,76].  

To determine the possible B-site cation (Ti, Ru) intermixing in the heterostructures, we 

took and analyzed STEM/EELS maps from many areas of the samples. The results are presented 

in Figure 4.4. As shown in Figure 4.4(a)-(c), the Ti atoms diffuse significantly into the Ru sites 

in STO5-SRO1-STO5, especially the first SRO block (i.e., a single RuO2 layer), resulting in the 

low Ru column intensity in the HAADF image [see Figure 4.4(a)]. Quantitatively, the dopant Ti 

concentrations at the Ru sites were obtained from EELS profiles using the Lorentz-function-

fitting method, with the Ti in the STO substrate as reference. We note a 61 ± 6 % Ti occupying 

the Ru site in the 1st (near substrate) SRO block and 25 ± 11% in the 2nd block of the STO5-

SRO1-STO5 heterostructure [see Figure 4.4(b)-(c)]. 

On the other hand, the EELS mapping results from two representative areas of STO5-

SRO2-STO5 [one shown in Figure 4.4(d)-(f) and the other in Figure 4.4(g)-(i), respectively] are 

rather different from STO5-SRO1-STO5. Though, the Ti concentration is still significant and 

varies from one region to another in the RuO2 layer proximal to STO substrate of the 1st SRO 

block [~10% or less as in Figure 4.4(f) to 60 % as in Figure 4.4(i)]. Nevertheless, few Ti ions 

(<10 %) diffuse into the second RuO2 layer of the 1st SRO block or both RuO2 layers of 2nd SRO 

blocks [see Figure 4.4(d)-(i)]. Overall, the spectroscopic observations suggest that the 2-u.c. 

SRO blocks in STO5- SRO2-STO5 are nearly stoichiometric, while the single-u.c. SRO blocks in 

STO5-SRO1-STO5 hold a higher Ru-cation off-stoichiometry due to interface intermixture. 
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Figure 4.4. STEM/EELS maps and elemental concentration: (a) HAADF images and EELS 
elemental maps from Ti-L2,3, and Ru-M2,3 edges, (b) Least-squares fit of Ti EELS intensity 
profiles (red dots) from averaging the Ti maps over the horizontal direction in (a), and (c) Ti 
composition profiles across STO5-SRO1-STO5 heterostructure. The black curve is a sum of the 
Lorentzian peaks fixed at the Ti lattice sites. The Lorentzian peaks indicate Ti concentration. 
The same arrangement of STEM/EELS characterization for two representative mapping areas 
of STO5-SRO2-STO5 heterostructure, (d-f) and (g-i), respectively. The distance (in u.c.) is 
defined with respect to the film-substrate interface. 

The substantial Ti atoms in the single-u.c. SRO blocks of the STO5-SRO1-STO5 

heterostructure bring the OOP lattice parameter (c) of SRO close to that of STO [Figure 4.2(e)]. 

Additionally, the RuO6 octahedral volume is reduced (59.85 ± 0.09 Å3) in comparison to the bulk 

SRO (~ 60.37 Å3) (STO bulk volume: 59.45 Å3). In contrast, owing to nearly stoichiometric Ru 

concentration, the SRO blocks in STO5-SRO2-STO5 retain their bulk-like pseudocubic unit-cell 

nature.  Because of the in-plane compressive strain, the RuO6 in STO5- SRO2-STO5 shows slight 

elongation in the c-axis [see Figure 4.3(e)] while maintaining RuO6 octahedral volume (60.45 ± 

0.19 Å3) close to that in bulk SRO (~ 60.37 Å3). In ultrathin oxide ABO3 heterostructures, the 

interface B-site intermixture is unavoidable, irrespective of the growth method [77]. In fact, 

sensitivity of ruthenates to B-site disorder and volatile nature of Ru, makes it challenging to 

attain stoichiometric Ru films in the ultra-thin limit [78–80]. 

 



80 
 

4.3.2 Resistivity 

After a thorough understanding of the structure and composition, we proceed to 

investigate the transport and magneto-transport properties. Figure 4.5(a) shows sheet resistance 

as a function of the temperature of STO5-SROn-STO5 (n = 1, 2 u.c.)  heterostructures. An 

insulating behavior of increasing resistance with lowering temperature is observed in STO5-

SRO1-STO5. 

 

Figure 4.5. (a) Temperature-dependent sheet resistance of STO5-SROn-STO5 with n =1, 2. The 
inset shows a logarithmic plot of STO5-SRO1-STO5 conductivity versus T-1/2, representing the 
Efros-Shklovskii variable range hopping model. The grey dashed line is the quantum of 
resistance (Rs ≈ 25k Ω/�). 

Moreover, as shown in the inset of Figure 4.5(a), the transport of STO5-SRO1-STO5 can 

be fitted nicely with Efros-Shklovskii variable-range hopping model, where conductivity 
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follows: σ(𝑇𝑇) = σ0e(𝑇𝑇𝐸𝐸𝐸𝐸 𝑇𝑇⁄ )1/2 (𝑇𝑇𝐸𝐸𝐸𝐸 = 𝛽𝛽𝐸𝐸𝐸𝐸 𝑒𝑒2 𝜀𝜀 𝑘𝑘𝐵𝐵  𝜉𝜉⁄  is a characteristic temperature, 𝜉𝜉 is 

localization length, e elementary charge, ε dielectric constant [81,82]. The linear fitting of data 

yields 𝑇𝑇𝐸𝐸𝐸𝐸 ≈  900 K, signifying the disorder-induced strong localization due to the Ti-Ru 

intermixture is likely the primary driving force for the insulating behavior. In the presence of 

strong localization effects, the kinetic theory of conductivity (σ = 𝑒𝑒2𝑘𝑘𝐹𝐹𝑙𝑙 ℎ⁄ , where 𝑘𝑘𝐹𝐹 is Fermi 

wave vector, and l is mean free path) breaks down, since the electronic mean free path (l) turn 

out to be equal to lattice spacing (l ≈ a), leading to 𝑘𝑘𝐹𝐹𝑙𝑙 ≈ 1, and system crosses the minimum 

metallic conductivity known as the Ioffe-Regel limit [83,84], where the sheet resistance limit is: 

𝑅𝑅𝑠𝑠 = ℎ 𝑒𝑒2⁄ ≈ 25 𝑘𝑘Ω/�. Figure 4.5(a) confirms that the STO5-SRO1-STO5 heterostructure sheet 

resistance exceeds the Ioffe-Regel limit in the measured temperature range. On other hand, the 

STO5-SRO2-STO5 heterostructure shows the metallic character in the measured temperature 

range. Though, the small resistivity upturn below ~25 K is observed, mainly caused by the 

disorder-induced weak localization effects [54,63,85].  

4.3.3 Magneto-resistance 

We have performed magnetoresistance (MR) measurements; MR =

{ρ(𝐻𝐻) − ρ(0)} ρ(0)⁄ , here ρ(𝐻𝐻) and ρ(0) are resistivities in the presence and absence of a 

magnetic field, respectively (the external magnetic field (H) is perpendicular to the film plane). 

The MR of STO5-SRO1-STO5 shows a parabolic nature [see Figure 4.6(a)], signifying an 

absence of FM order. In contrast, the MR of STO5-SRO2-STO5 shows a butterfly loop MR, 

representing the FM state [see Figure 4.6 (b)]. The maximum (~ 2 T) in the MR at 5 K hysteretic 

curve corresponds to coercive field Hc, whereas the point of forward and backward sweeps 

overlapping is the saturation field (~6 T). The hysteretic MR characteristic of FM ordering 

persists up to ~55 K, though non-parabolic MR dependence continues up to ~120 K. For 

manganite’s [86–89], granular magnetic systems [90,91], and SRO [92], the MR scales as 
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MR ∝[𝑀𝑀(𝐻𝐻) 𝑀𝑀s⁄ ]2, while MR ∝ �µ0𝐻𝐻�
2
for nonmagnetic-conducting systems [74,90,93], where 

MS is saturation magnetization and H the applied field. 

 

Figure 4.6. Magnetoresistance of (a) STO5-SRO1-STO5, and (c) STO5-SRO2-STO5 measured 
at different temperatures. 

The magnetoresistance dependence on the magnetization (MR ∝ 𝑀𝑀2 ) suggests that 

electron transport depends on the magnetic moment’s alignment within magnetic domains. As 

the magnetic moments are aligned, the carrier scattering decreases and so is the resistivity, while 

the resistivity is maximized at the coercive fields. Yet, trapping centers such as dislocations, 

defects, and non-magnetic inhomogeneity, might cause the pinning of domain walls, leading to 

enlarged switching fields. Moreover, the disappearance of the butterfly loop before the actual TC 

is triggered by the dominance of thermal fluctuations over the pinning of domain walls. 

Nonetheless, the presence of a butterfly-like feature in the MR below 55 K corroborates the 

presence of FM ordering in STO5-SRO2-STO5, while the single-u.c. SRO is non-FM. 
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4.3.4 Magnetic Characterization 

The magnetization of STO5-SROn-STO5 (n = 1, 2 u.c.)  heterostructures was also studied 

via SQUID magnetometry. To measure magnetization as a function of temperature M(T), the 

samples were first cooled down to 5 K under the 0.2 T field, and then while warming in presence 

of 0.01 T, the data was collected. 

 

Figure 4.7. STO5-SROn-STO5 [n = 1, 2] (a) Temperature-dependent magnetization, and (b) 
magnetic hysteresis measured at 5 K. 

The STO5-SRO1-STO5 does not show any sign of FM transition, as the M(T) curve is 

nearly flat [see Figure 4.7(a)], and the M(H) is reminiscent of background hysteresis of the 

substrate [see Figure 4.7(b)], verifying the absence of FM state. However, STO5-SRO2-STO5 

exhibits robust FM ordering as shown by sharp paramagnetic to FM transition at TC ~ 128 K in 

M(T) [Figure 4.7(a)] and characteristic ferromagnetic hysteresis [see M(H) in Figure 4.7(b)]. 

Overall, the electron transport and magnetic properties results indicate that the presence of 

metallicity is important for stabilizing ferromagnetism since an insulating SRO is non-magnetic. 

4.3.5 Density Functional Calculations of Intrinsic and Extrinsic Heterostructures 

In order to better understand the magnetic and electronic nature of the present 

heterostructures, we have performed DFT calculations on STO5-SROn-STO5 (n = 1,2 u.c.) 
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heterostructures. The DFT calculations were performed by Andrew O’Hara, Donghan Shin under 

guidance of Sokrates T. Pantelides at Department of Electrical Computer Engineering, 

Vanderbilt University, Nashville, Tennessee 37235, USA. 

The electronic structure of bulk SrRuO3 (SRO) according to Rondinelli et al. [13] is best 

described by including electron-electron correlations in the form of a Hubbard term with U = 0.6 

eV. For Hubbard U values > 2 eV, in bulk, SRO becomes half-metallic [13,14,94]. For SRO 

ultra-thins films, theoretical calculations even with U > 3 eV are incapable to reproduce the 

observed insulating-nonmagnetic state [13]. Due to these observations, Rondinelli et al. [13] 

concluded that the insulating-nonmagnetic state is not caused by intrinsic changes such as 

enhanced electron interactions or structural changes, but rather triggered by surface roughness, 

defects, or disorder. However, according to Verissimo et al. [68], the single layer of Ru confined 

between STO lattice is a minority-spin half-metallic ferromagnet with U = 4 eV. Furthermore, 

recent calculations using a Hubbard U of 3.5 eV produced the most reasonable results for few-

layer SRO films sandwiched between BaTiO3 in thin-film heterostructures [67]. Therefore, we 

adopted Hubbard U = 3.5 eV in the present study of the STO5-SROn-STO5 heterostructures. 

Variation of the effective Hubbard U by ±0.5 eV does not change the qualitative results when 

tested on the stoichiometric STO5-SRO1-STO5 heterostructure (i.e., it remains a ferromagnetic 

metal). 

The structural calculations reveal that both the STO5-SRO1-STO5 and the STO5-SRO2-

STO5 heterostructures feature non-tilted octahedra in the SRO layers, in accord with the STEM 

data. Thus, both experiments and theory rule out structural distortions to be the regulatory factor 

for the observed contrasting electro-magnetic properties in the two heterostructures. Beginning 

with the STO5-SRO1-STO5 system, there are three possible magnetic arrangements for the Ru 

spins as shown in Figure 4.8(a) FM, Figure 4.8(b) checkerboard AFM (AFM1), and Figure 
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4.8(c) striped AFM (AFM2). The FM order is the ground state by 53 meV per Ru atom. In this 

FM state, the SRO layer in the STO5-SRO1-STO5 system is half-metallic, namely metallic in 

only the minority-spin polarized electrons, while a gap appears between the spin-up t2g and eg 

states [see Figure 4.8(a)]. 

 

Figure 4.8. Magnetic arrangements (top) and projected density of states (bottom) for the RuO2 
planes in STO5-SRO1-STO5 heterostructures. Panels (a) through (c) are for a heterostructure 
containing a stoichiometric RuO2 plane. Panels (d) through (f) are for 25% substitution of Ti 
for Ru within the RuO2 plane. All densities of states are normalized to the same lateral system 
size so that they can be compared. 

In contrast, both the higher-energy AFM phases are metallic as shown by the density of 

states in Figure 4.8(b)-(c). The FM metallic ground state results are consistent with prior 

literature [68,69] and indicate that the observed non-FM insulating state is likely due to extrinsic 

effects and is not an intrinsic property of the system [13]. As demonstrated by the STEM results 



86 
 

in of STO5-SRO1-STO5 heterostructure, the 1st SRO and 2nd SRO blocks contain 61 ± 6 % to 25 

± 11% Ru deficiency by Ti-for-Ru substitution, respectively. Therefore, from the original STO5-

SRO1-STO5 heterostructure model, we constructed a lateral heterostructure containing 16 Ru 

sites and replace four of them with Ti to achieve 25% Ru deficiency via substitution. The chosen 

arrangement shown in Figure 4.8(d)-(f) allows consideration of the same basic FM and AFM 

arrangements as before. We find that the introduction of the Ti leads to the energetic stabilization 

of both AFM arrangements relative to the FM solution. Furthermore, as seen in the density of 

states plots of Figure 4.8(d)-(f), the introduction of Ti within the RuO2 layer leads to shifts in the 

oxygen/transition-metal hybridization and opens a bandgap of 0.4 eV for both AFM orderings. 

Thus, we can conclude that the introduction of Ti within the RuO2 layer via interfacial 

intermixture observed in STEM is responsible for the observed magnetic and electronic 

properties. This result complements the report by Boschker and co-workers [74], where using 

adsorption-controlled molecular-beam epitaxy, the SRO in monolayer limit is unveiled to hold 

metallicity and FM order, echoing the importance of the role of interface-induced intermixing 

and impurities in determining heterostructure properties [77,79,80,95]. Although other Ti-for-Ru 

substitutional patterns are possible, these calculations become prohibitively expensive with 

current methods. For this reason, we did not explore if a critical percent substitution of Ti-for-Ru 

exists that can maintain FM and metallicity. Nevertheless, if defects are eradicated, a metallic-

FM monolayer SRO could be stabilized [74].  

For the STO5-SRO2-STO5 heterostructure, we consider four possible AFM arrangements 

[see the top of Figure 4.9(a)] based on the prior single layer AFM arrangements (with differing 

coupling along the c-axis of the heterostructure) as well as an additional arrangement (AFM7) 

which has FM ordering within each plane. For AFM3 through AFM6, the total relative energy 

per Ru atom is much higher than the FM order compared to the stoichiometric STO5-SRO1-STO5 
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case. The AFM7 case is also found to be higher in energy than the FM ordering, but is lower 

than the other STO5-SRO2-STO5 energies since only the interlayer exchange coupling energy 

plays a role in the ΔE. As expected, the density of states for the layers [see Figure 4.9(b)] 

remains metallic like the stoichiometric STO5-SRO1-STO5 structure and consistent with the 

experimental results. 

 

Figure 4.9. (a) Possible AFM arrangements for the Ru sublattice in the STO5-SRO2-STO5 
heterostructure and their relative energy per Ru atom compared to the FM ground state. (b) 
Density of states for the lower RuO2 plane in the STO5-SRO2-STO5 heterostructure. 

4.4 Conclusion 

In conclusion, by fabricating artificial heterostructures of the form STO5-SROn-STO5 (n 

= 1, 2 u.c.), we have shown that the heterostructure with 2-u.c. SRO is metallic and FM (TC ~ 

128 K) while the heterostructure with single-u.c. SRO is insulating and non-FM. There is no 

fundamental change in lattice structure with reducing the thickness of SRO, thus excluding 

structural modification as a controlling factor for such drastic property transitions. DFT results 

further suggest that a stoichiometric single-u.c. STO5-SRO1-STO5 heterostructure would be FM 

and metallic. However, we observed that SRO in STO5-SRO1-STO5 is non-stoichiometric, 

exhibiting a much greater amount of Ti in the SRO blocks due to Ti-Ru intermixture than in the 

STO5-SRO2-STO5 heterostructure. The existence of these non-magnetic Ti impurities in single-
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u.c. SRO drastically affects the electronic structure as well as the coherence for FM ordering. 

Therefore, we conclude that it is the off-stoichiometry dictated by the Ti-Ru intermixture that 

leads to the insulating and non-FM behavior of SRO in the single u.c. thickness limit. The 

experimental data of References [68,69,74] that find the single-unit-cell SRO film to be FM 

confirms our overall conclusions about both STO5-SRO1-STO5 and STO5-SRO2-STO5 

heterostructures.  
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Heterostructures of complex transition metal oxides are known to induce extraordinary 

emergent quantum states that arise from broken symmetry and other discontinuities at interfaces. 

Here we report the emergence of unusual, thickness-dependent properties in ultrathin CaRuO3 

films by unique insertion of a single isovalent SrO layer (referred to as “δ-doping”). While bulk 

CaRuO3 is metallic and nonmagnetic, films thinner than or equal to ~15-unit cells (u.c.) are 

insulating though still nonmagnetic. However, δ-doping to middle of such CaRuO3 films induces 

an insulator-to-metal transition and evolution of Griffiths phase to unusual ferromagnetism with 

strong magnetoresistive behavior. Atomically resolved imaging and density-functional-theory 

calculations reveal that the whole d-doped film preserves the bulk-CaRuO3 orthorhombic 

structure, while appreciable structural and electronic changes are highly localized near the SrO 

layer. The results highlight delicate nature of magnetic ordering in CaRuO3 and subtle effects 

that can alter it, especially the role of A-site cation in electronic and magnetic structure 

additional to lattice distortion in ruthenates. It also provides a practical approach to engineer 

material systems via highly localized modifications in their structure and composition that may 

offer new routes to the design of oxide electronics.2 

5.1 Introduction 

Complex-oxide heterostructures have been established as an effective engineering 

platform offering prospects to create tunable electro-magnetic functionalities, enabled by 

manipulation of the cooperative interplay between electronic spin, charge, orbital, and lattice 

degrees of freedom. [48,96] The stacking of different oxides disturbs the subtle equilibrium 

 

2 This work is published as a preprint: https://doi.org/10.21203/rs.3.rs-1729136/v1 
 

https://doi.org/10.21203/rs.3.rs-1729136/v1
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among various interactions, leading to a wealth of exotic quantum states, such as two-

dimensional electron or hole gas at the interface of two insulating materials; LaAlO3/SrTiO3 

(LAO/STO) [51,97], the spontaneous magnetic reversal in La2/3Sr1/3MnO3 films [98], a 

ferromagnetic (FM) interface between nonmagnetic constituents [47,99], polar magnetic metal 

phase in BaTiO3/SrRuO3/BaTiO3 heterostructures [67], chiral ferromagnetism in SrRuO3 

films [52], and strain-induced superconductivity in RuO2 films. [53] The continued 

advancements in thin-film synthesis have made possible the fabrication of complex-oxide layers 

down to extremely thin limits with atomic precision, providing fine control over different lattice 

structures and paving the pathway to observe unusual quantum states.  

The two ABO3 4d perovskite-structure ruthenates: CaRuO3 (CRO) and SrRuO3 (SRO), 

despite having similar structure and electron counting, present unusual contrast in their physical 

properties. SRO is a strong Stoner metallic ferromagnet [9,100], while CRO, though a 

metal [100], lacks long-range magnetic order. [29,101,102] Extensive experimental and 

theoretical studies led to lively debates on the origin of the contrasting behavior, though the most 

likely explanation is that the impact of replacing Sr with Ca in SRO is indirect. The smaller ionic 

radius of Ca (2.31 Å versus 2.55 Å for Sr) leads to different octahedral Ru-O-Ru bond angles 

that result in subtle changes of the Fermi-energy density of states (DOS). [13–15] 

Thin films of CRO and SRO also exhibit distinct properties, depending on temperature, 

film thickness, substrate strain, as well as film stoichiometry. Relatively thick CRO films grown 

on STO (001) have been reported to be metallic [103], yet under similar epitaxial strain, an 

insulating CRO phase can emerge below a certain critical thickness [104,105], which depends on 

growth conditions and is much larger than the critical thickness (2-3 u.c.) for similar behavior by 

SRO films. [56,58,63] At present, the intrinsic critical thickness of stoichiometric CRO films is 

not known. In addition, theoretical calculations predicted that tensile epitaxial strain can drive 
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CRO to a FM state, yet experimental confirmation is lacking.  [24,26] Moreover, cation 

substitution at Ru sites by defects/dopants has also attracted considerable attentions as a way to 

induce FM order in CRO, suggesting an extremely fragile ground state. [21–23,106–108] 

Therefore, the delicate nature of incipient ferromagnetism in CRO suggests that one can 

manipulate CRO thin films in unique ways to obtain unusual, even unexpected electro-magnetic 

properties. 

The present work focuses on ultrathin CRO films, which we perturb by inserting a single 

SrO layer (thus, mimicking a single-u.c. SRO or δ-doping [75,109]) in the middle of the films, 

all fabricated with atomic precision. Combining magneto-transport measurements, atomically 

resolved imaging by scanning transmission electron microscopy (STEM), and electron energy-

loss spectroscopy (EELS), along with density-functional-theory (DFT) calculations, we reveal a 

thickness-dependent metal to insulator transition (MIT) with no sign of long-range magnetic 

ordering in pristine CRO films. As the thickness reaches 15 or fewer u.c., the films become 

insulating. However, the insertion of a single SrO layer not only triggers an insulator-to-metal 

transition in 15 u.c. CRO films and enhances the conductivity of thicker films, but also drives the 

studied thin films (15-40 u.c.) toward emergent Griffith’s phase and unusual ferromagnetism. 

Atomic-resolution imaging and DFT calculations reveal that SRO-layer insertion preserves the 

orthorhombic symmetry, and the structural and electronic changes are largely confined near the 

insertion layer. Our results underline the fragile nature of the magnetic properties and likely the 

electronic structure of CRO by which a highly localized modification is able to tip the delicate 

balance for both transport and magnetic ordering in the system. 

5.2 Results and Discussions 

5.2.1 Heterostructure Synthesis 

The SrTiO3 (STO) (5 mm × 5 mm × 0.5 mm) substrates with (001) surface was chosen 
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for the fabrication of heterostructures. We have fabricated epitaxial 15-u.c. CRO (CRO15), 20-

u.c. CRO (CRO20), and 40-u.c. CRO (CRO40) films on STO (001) substrates, and corresponding 

δ-doped CRO films containing a localized SrO layer nested in the middle, i.e., CRO7-SrO-CRO8, 

CRO10-SrO-CRO10, and CRO20-SrO-CRO20. 

The STO substrates were initially sonicated in deionized water, followed by a 30 seconds 

treatment in the buffered hydrogen fluoride. After chemical etching, the substrates were annealed 

at 950° C in a flowing oxygen atmosphere to create atomically smooth surfaces. CaRuO3 (CRO) 

film with a thickness of 40, 20, and 15 u.c. were grown by pulsed laser deposition (PLD) at 700° 

C with an oxygen pressure of 100 mTorr. The δ-doping of SrO was achieved from SrRuO3 

(SRO) target at a growth temperature of 700° C and oxygen pressure of 100 mTorr. A KrF 

excimer laser (λ = 248 nm) with a 10 Hz repetition rate, and with energy 350 and 300 mJ was 

focused on CRO and SRO targets, respectively. After growth, samples were cooled down at 

~11°/min to room temperature in an oxygen atmosphere of 100 mTorr. 

In-situ reflective high energy electron diffraction (RHEED) has been applied to monitor 

the growth of the heterostructures in this study. Figure 5.1 displays the RHEED images of both 

the substrate and CRO films and the RHEED spot intensities vs. growth time, reflecting the 

typical growth pattern of ruthenate perovskites. The RHEED image of STO substrate before 

deposition shows high-intensity specular spots and Kikuchi lines, verifying high substrate 

quality. Both time-dependent intensity profile of RHEED (0,0) spot and streaky RHEED pattern 

after film growth point to a flat crystalline surface having two-dimensional growth. The RHEED 

patterns of the CRO films possess an additional diffraction spot as marked yellow arrows. This 

half-order spot in CRO is an indicator of octahedral tilt/rotations, originating from unit cell 

doubling in bulk CRO because of orthorhombic octahedral distortions. 



93 
 

 

Figure 5.1. In-situ reflective high energy electron diffraction (RHEED) oscillations of (a) 40 
u.c., and (b) 20 u.c. CRO films. The insets show RHEED patterns of bare STO substrate and 
after CRO film growth. 

The X-ray diffraction was performed on a PanAlytical X’Pert thin-film diffractometer 

with Cu Kα−1 radiation with a single-crystal monochromator. Figure 5.2(a) shows a coupled (θ-

2θ) scan around STO) (001)pc Bragg’s reflection for 40 u.c. CRO film. We can perceive substrate 

and film peaks along with Laue interference fringes, confirming the good crystallinity of thin 

films. The measured out-of-plane (OP) pseudocubic lattice parameter of CRO film from Bragg’s 

peak is ~3.83 Å. This is consistent with the fact that the OP parameter decreases (bulk pseudo-

cubic CRO OP ~3.85 Å) to accommodate the lattice mismatch due to tensile strain. Moreover, 

the FWHM of film and substrate indicates high crystallinity  [see Figure 5.2(b-c)]. The film is 

fully strained to the substrate as Q|| of film and substrate is identical  as shown in Figure 5.2(d). 

Moreover, the core-level spectra are indicative of high-quality film epitaxy, and optimal film 

stoichiometry [see  Figure 5.2(e-g)]. 
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Figure 5.2. Coupled symmetric (θ-2θ) XRD scan of 40 u.c. CRO film. The presence of 
thickness fringes confirms high-quality hetero-interface and film surface. (b)-(c) Rocking 
curve around substrate/film [001]c and film. (d) Reciprocal space mapping (RSM) around (-
103) of STO substrate. X-ray photoelectron spectroscopy (XPS) for the (e) Ca 2p, (f) Ru 3d 
core levels, and (g) O 1s spectra for 40 u.c. CRO film. 

5.2.2 Atomically-Resolved Structure and Chemistry 

We performed scanning transmission electron microscope (STEM) and Electron energy 

loss spectroscopy (EELS), whereas the results were attained via 200 kV JEOL ARM electron 

microscope at Brookhaven National Library equipped with double aberration correctors, a dual 

energy-loss spectrometer, and a cold field emission source. Cross-sectional TEM samples were 

thinned using a focused ion beam with Ga + ions followed by Ar + ions milling down to sample 

thickness of 30 nm.  
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Figure 5.3. (a) Schematic of the nested SrO δ-doping in CaRuO3. Atomic-resolution HAADF-
STEM images of δ-doped CRO7-SrO-CRO8 heterostructure: (b) large-area, and (c) high 
magnification one with superimposed intensity profiles of Ca/Sr layer. (d) ADF image and (e) 
corresponding EELS map for Ca (purple) and Sr (green) cations. The electron beam is along 
the [100] direction of the STO substrate. 

We have fabricated epitaxial 15-u.c. CRO (CRO15), 20-u.c. CRO (CRO20), and 40-u.c. 

CRO (CRO40) films on SrTiO3 (001) substrates, and corresponding δ-doped CRO films 

containing a localized SrO layer nested in the middle, i.e., CRO7-SrO-CRO8, CRO10-SrO-CRO10, 

and CRO20-SrO-CRO20. Figure 5.3(a) shows a schematic of the CRO7-SrO-CRO8 heterostructure 

while Figure 5.3(b-d) and Figure 5.4 display the atomically resolved structure of the same system 

for several different regions. It is apparent from the STEM image that the heterostructure is 

uniform with coherent and high-quality hetero-interfaces [see Figure 5.3(b-d), and Figure 5.4]. In 

Z-contrast HAADF images, Sr (Z = 38) columns appear brighter than Ca (Z = 20), whereby a 

uniform and homogeneous single Sr layer is observed clearly in Figure 5.3(c) and Figure 5.4(a-

c). Furthermore, the EELS elemental maps of Ca (purple) and Sr (green) [ see Figure 5.3(e) and 

Figure 5.4(b-c)] confirm that Sr is confined within a single layer with minimal if any 
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intermixing, establishing that nested SrO is a monolayer. The intermixture between Ca and Sr is 

very minimal. One interesting observation is that Sr is more likely to diffuse to the top CRO 

rather than the bottom layer [see the EELS maps in Figure 5.4(b-c)].  

 

Figure 5.4. (a) Atomic-scale structure of δ-doped CRO7-SrO-CRO8 heterostructure by STEM 
across three different regions. (b)-(c) Annular dark-field STEM image and corresponding 
EELS map for Ca (purple), and Sr (green) from the marked rectangular area. In the large area 
STEM-imaging, the brighter Sr -atomic monolayer could be observed. Furthermore, the 
unintegrated EELS map of the region with purple for Ca, and green for Sr establishes Sr is 
confined to single layer. 

To quantitatively examine the lattice mismatch of CRO7-SrO-CRO7 with the SrTiO3 

substrate, we have determined both the in-plane (IP) and out-of-plane (OP) lattice parameters 

from A-site atomic positions in high-angle annular dark-field (HAADF) imaging mode [see]. 

The measured IP pseudocubic lattice parameter (b) of film as shown in Figure 5.5(a) is matching 

well the STO substrate bulk (𝑎𝑎STO = 3.905 Å), confirming coherently strained film. On the other 

hand, the OP lattice parameter of CRO inter-layers is nearly the same as that of CRO bulk, while 

an appreciable dip could be observed in the layers adjacent to SrO, suggesting the presence of 

highly localized structural distortion [see Figure 5.5(b)]. Moreover, the TiO6 interfacial layers in 

the STO side undergo an OP elongation due to large an octahedra mismatch of RuO6 and TiO6. 
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Figure 5.5. CRO7-SrO-CRO7 heterostructure: (a) In-plane, and (b) out-of-plane lattice 
parameters plotted as a function of distance from the film-substrate interface. The error bar 
shows the standard deviations of the averaged measurements along the b-axis. The 
pseudocubic lattice parameters of bulk STO (3.905 Å) and CRO (3.85 Å) are indicated by a 
red and purple solid line, respectively. (c) Atomic-scale structure of the δ-doped CRO7-SrO-
CRO8 heterostructure by STEM, and corresponding (d) in-plane, and (e) out-of-plane lattice 
spacing mapping. The yellow dashed line in panel (c) represents the film-substrate interface. 

5.2.3 Octahedra Rotational Domains 

In most perovskites (ABO3), the A and B cations radii mismatch often leads to a strain 

buildup along A-O and B-O bonds, though the strain is accommodated via BO6 octahedral 

rotations. These rotations are often explained by Glazer notation (axbxcx) [3,110,111], which 

describes rotations of the octahedra about three orthogonal pseudo-cubic crystallographic axes: 

[100]pc, [010]pc, and [001]pc. The relative BO6 rotational magnitude about an axis is represented 

by letters a, b, and c. The superscript x refers to whether adjacent octahedral around one given 
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axis can rotate in-phase (+), out-of-phase (–), or no rotation (0). In Glazer notation, the 

orthorhombic CRO and SRO exhibit a+b−b− [Pbnm (No. 62)] [5] patterns as shown in Figure 5.6. 

This implies that octahedral rotations are in-phase around [100]pc || [001]O, and out-of-phase 

about the [010]pc || [1-10]O and [001]pc || [110]O. 

 

Figure 5.6. (a) Orthorhombic bulk structure CRO. (c)-(d) Schematics of a+b-c- rotational 
pattern. The octahedral rotations are (b) in-phase around [001]O ([100]pc), (c) out-of-phase 
about [1-10]O ([010]pc), and (d) [110]O ([001]pc). Here, the subscripts desiginate 
Orthorhombic (O) and pseudo-cubic (pc) unit cells. 

The orthorhombic (CRO) unit-cell oriented on the cubic STO (001) grows in the [110]O 

direction as shown in Figure 5.7(a). Therefore, either in-phase [001]O or out-of-phase [1-10]O 

rotation axis can align along the [100] direction of STO, generating two different structural 

domains with a 90° rotation (referred as A and B, see Figure 5.7]. [112,113] Viewing along the 

[100] direction of STO substrate, we can acquire projected structures of the film in [001]O 

direction from domain A and [1-10]O direction from domain B simultaneously. In domain A type 

structure, the in-phase rotation (+) pseudo-cubic [100]pc axis is aligned with the [100]S [see 

Figure 5.7(a-b)], thus following substrate-film orientation relation holds: CRO [001]O ([100]pc) || 

[100]S; CRO [1-10]O ([010]pc)|| [010]S; CRO [110]O ([001]pc) || [001]S. In domain B, the CRO 

[010]pc out-of-phase rotation axis is parallel with [100]S [see Figure 5.7(e-f)], and orientation 

follows: CRO [1-10]O ([010]pc)|| [100]S; CRO [001]O ([100]pc) || [010]S; CRO [110]O ([001]pc) || 
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[001]S. The structure in domains A and B are equal, but with 90° rotation. 

 

Figure 5.7. (a) Schematic illustration of CRO film with [110]O growth on a cubic SrTiO3 
substrate with CRO [001]O ([100]pc) || [100]S (b) Representation of Domain A, whereas the in-
phase rotation (+) film pseudocubic [100]pc axis (marked red) aligns with [100]S. (c) Fast 
Fourier Transform (FFT) and (d) simulated electron diffraction patterns along in-phase 
rotation axis: [100]pc || [100]S. (e) Illustration of CaRuO3 film on SrTiO3 substrate with 
orientation: CRO [1-10]O ([010]pc) || [100]S. (f) Representation of domain B, whereas in-phase 
rotation (+) pseudocubic [100]pc axis is parallel with [010]S. (g) FFT and (h) simulated 
diffraction patterns with electron the beam perpendicular to the in-phase rotation axis, i.e. 
[010]pc || [100]S. 

Domain A and B structures are confirmed by the Fast Fourier Transform (FFT) results 

obtained from high-resolution STEM imaging. The FFT pattern shown in Figure 5.7(c) is 

consistent with the simulated diffraction pattern of Domain A as in Figure 5.7(d). This confirms 

the presence of domain A type unit-cell symmetry, where CRO [100]pc in-phase rotation axis is 

parallel with [100]S as observed for SrRuO3 counterpart [112,114]. The consistency of the 

fractional spots (marked in green) in Figure 5.7(g-h) confirms domain B structural variant. 

Viewing along the [001]S direction, we can acquire CRO film octahedral structural information 
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in [100]pc direction from domain A and [010]pc direction from domain B simultaneously, as 

shown in Figure 5.7. 

 

Figure 5.8. Atomically resolved structure of CRO7-SrO-CRO8 heterostructure: (a) intensity-
inversed ABF and (b) HAADF images representing domain A and B, respectively. (c) Zoom-
in image of the area marked in (a) superimposed by projected octahedra and tilt angle (θ), and 
(d) θ as a function of distance from the film-substrate interface. (e) Zoom-in image of the area 
marked in (b) superimposed by the corresponding A-site cation displacement (xA), and (f) xA 
versus atomic distance. The arrows in (e) mark the A-site displacement direction thus forming 
an up-down buckling pattern in AO plane. The dashed lines in (d) and (f) represent the value 
of θ and xA of bulk CRO (brown) and STO (green), respectively. Schematic of the bulk crystal 
structure of (g) CRO and (h) SRO showing A-site displacement projected along [1-10]O 
direction. The top (110) plane (light blue) passes through the center of the left and right Ca 
(Sr) atom, and the dark blue (110) plane bisects the center of the middle Ca (Sr)-atom, whereas 
the projected A-site displacement corresponds to the distance between the two parallel planes. 

The high-resolution STEM imaging permits us to reveal the structural distortions as 

illustrated in Figure 5.8. The structure of domain A and B is identical, but when viewing 

simultaneously along the [001]S direction the RuO6 tilt can be observed in domain A because the 

in-phase (+) octahedral rotation axis is parallel to [100]-STO [see Figure 5.7(a), Figure 5.8(a), 

and Figure 5.8(c)]. On the other hand, for domain B, the electron beam incident along the out-of-
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phase (-) octahedral rotation axis, and hence the octahedra rotation/tilt could not be resolved in 

the ABF image because of oxygen overlapping [see Figure 5.7(e) and Figure 5.8(b)]. However, 

the A-site cation displacements due to orthorhombic distortion can be measured [109,115], 

showing a zigzag pattern [see Figure 5.8(b), and Figure 5.8(e)]. 

The projected octahedral tilt [θ as denoted in Figure 5.8(c) and Figure 5.8(d)] extracted 

from the ABF images of domain A [Figure 5.8(a) and Figure 5.8(c)] shows that except at the 1st 

unit-cell near film-substrate interface (~ 8.4°), the RuO6 tilt angle in the CRO film is constant (~ 

11°), a nearly identical behavior as that of CRO bulk (~ 11.5°). Hence, the octahedral mismatch 

is adjusted close to the film-substrate interface, where TiO6 interfacial layers in the STO side 

undergo distortion to accommodate the octahedral mismatch of RuO6-TiO6. We note that the 15-

u.c. undoped CRO film also has θ ~ 11° [see Figure 5.9(a), Figure 5.9(c), and  Figure 5.9(f)]. 

Therefore, the octahedral network structure is not altered by the SrO-interlayer insertion. Instead, 

due to a corner-connectivity constraint, the octahedral geometry is conserved throughout the 

entire δ-doped heterostructure, i.e., the structure preserves bulk-CRO orthorhombic symmetry. 

The A-site cation displacements (xA), a signature of orthorhombicity [109,115], were 

determined quantitatively for individual layers with the domain B imaging  [Figure 5.8(b) and 

Figure 5.8(e)]. It is seen that the δ-doped heterostructure [see Figure 5.8(f)] shows an averaged 

Ca-site xA ~ 0.38 ± 0.07 Å, which matches that of a pristine CRO film [~ 0.38 ± 0.07 Å, see 

Figure 5.9(b), Figure 5.9(e), and Figure 5.9(g)] while slightly smaller than CRO bulk [~ 0.43 Å, 

see Figure 5.8(g)]. On the other hand, the xA at nested SrO is reduced to 0.26 ± 0.10 Å [see 

Figure 5.8(f)], but it is significantly larger than that in bulk SrRuO3 [~ 0.12 Å, see Figure 5.8(h)]. 

These observations suggest a small local structural modification is present in the SrO layer, 

which is induced by ionic (Ca/Sr) mismatch as governed by the Goldschmidt tolerance 

factor. [29,102] 
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Figure 5.9. Undoped CRO 15 u.c. (CRO15) film STEM images: (a) intensity-inversed ABF, 
and (b) HAADF images. (c-d) Zoomed in portion of regions marked in panel (a) superimposed 
with projected octahedra shape. (e) Zoom-in image of the area marked in (b) overlaid by the 
corresponding A-site cation displacement (xA), whereas the arrows in (e) mark the A-site 
displacement direction thus forming an up-down buckling pattern in AO plane. (f-g) Projected 
octahedral tilt angle (q) (f), and A-site cation displacement (xA) (g) as a function of distance 
from interface of pristine CRO15 and δ-doped CRO [CRO7-SrO-CRO8].  The dashed lines in 
(f) and (g) represent the projected tilt angle, and A-site cation displacements of bulk CRO 
(brown) and STO (green), respectively. 

5.2.4 Electrical Properties of Pristine and δ-doped CRO Films 

To understand the δ-doping effect on the electronic properties of CRO films, we have 

systematically measured the transport behavior of the CRO films with and without SrO insertion. 

The electron transport measurements were performed in a four-probe configuration on Quantum 

Design Physical Property measurement system (PPMS) in the temperature range of 300-5 K. 
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Figure 5.10. Pristine and δ-doped CRO; (a) temperature-dependent sheet resistance. In panel 
(a) the dashed grey-line marks the Mott-Ioffe-Regel limit representing quantum of resistance 
(25 kΩ), while the arrows indicate the characteristic temperature below which a resistivity 
upturn occurs. The inset of (a) shows the temperature-dependent sheet resistance of CRO7-
SrO-CRO8, highlighting the resistivity upturn. 

Figure 5.10 shows the temperature evolution of the sheet resistance of pristine and δ-

doped CRO films of different thicknesses. As shown in Figure 5.10, the thicker pristine CRO40 

film exhibits bulk-like metallic transport (dρ/dT > 0) down to ~21 K, followed by a small 

resistivity upturn, characterized by weak localization. The 40 u.c. CRO film shows metallicity 

with a low temperature resistivity minimum. The resistivity upturn could arise from phenomenon 

of weak localization (as describe latter) [54,63,116–118]. 

Nevertheless, the intermediate-thickness: CRO20 film features a metallic behavior at high 
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temperatures, but exhibits a resistivity upturn below ~95 K [see Figure 5.10]. Such a robust 

resistivity upturn at low temperatures is frequently observed in many metallic oxide 

films [54,63,116,117], especially close to the verge of a metal-insulator transition. Finally, the 15 

u.c. (CRO15) film is identified to be fully insulating (dρ/dT < 0 at all temperatures). In contrast to 

insulating CRO15, the δ-doped film i.e., CRO7-SrO-CRO8 displays improved conductivity 

holding a room temperature metallicity, though a strong upturn appears below ~ 250 K as shown 

in the inset of Figure 5.10. Likewise, the δ-doping consistently lowers the resistivity and 

resistivity upturn temperatures, as seen in CRO10-SrO-CRO10 and CRO20-SrO-CRO20 as 

displayed in Figure 5.10. 

5.2.5 Metal-Insulator Transition 

Now, we want to describe the low-temperature resistivity upturn observed in 40 u.c. CRO 

film. The resistivity upturn could arise from phenomenon such as weak localization (WL), or 

electron-electron interactions (EEI). 

In disordered systems, weak-localization is caused by the quantum-interference of 

conducting electrons on systems defects leads to enhanced backscattering of the conducting 

electrons, and producing a resistivity upturn. Therefore, WL in 2D system outcomes in a 

quantum correction to conductivity, which possesses characteristic logarithmic: ln (T) 

dependence [85]. The effect of weak localization is an outcome of electron interference with 

itself, however, the wavefunctions of different electrons can also interfere. 

The effect of weak localization is an outcome of electron interference with itself, 

however, the wavefunctions of different electrons can also interfere. Consequently, in disordered 

systems, increased carrier scattering diminishes the effective electron screening, thereby leading 

to EEI enhancement and a broad opening of the Coulombic gap possessing a zero density of 

states [119,120]. We refer to it as quantum mechanical EEI correction to conductivity, whereas 
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in 2D systems, the conductivity scales with temperature logarithm [85]. Figure 5.11 shows that 

the low-temperature resistivity upturn of CRO40 indeed scales well with ln T, supporting that the 

resistivity upturn in CRO40 is caused by weak localization. 

 

Figure 5.11. CRO 40 u.c. resistivity versus logarithm of temperature. The red solid line is 
linear fit. 

To detect the temperature exponent for transport of CRO15, we considered four 

conduction models. In the Anderson-type insulating state, the electron hopping to the nearest 

neighbor sites is restricted, since electronic thermal energy is smaller as compared to the energy 

difference between adjacent localized states, which means that electrons cannot overcome the 

energy barrier caused by disorder, and thus hopping to the far localized site is not probable. 

Though, to hop, the electrons have to locate a site, where the difference of energies between the 

two localized sites is small, which leads to variable range hopping (VRH) conduction. Mott 

categorized this phenomenon with resistivity scaling as: ρ (𝑇𝑇) = ρ0 exp ��TM
T
�

1
d+1�. Here, d is 

system dimensionality: d = 1, 2, 3, and TM  = 𝛽𝛽𝑀𝑀
𝑁𝑁(𝐸𝐸𝐹𝐹)ξ𝑑𝑑 𝑘𝑘𝐵𝐵

 is Mott characteristic temperature (𝛽𝛽𝑀𝑀, ξ 
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and 𝑁𝑁(𝐸𝐸𝐹𝐹) is constant, localization length, and Fermi-level density of states, 

respectively [81,82]. 

 

Figure 5.12. CRO 15 u.c. logarithmic resistivity versus (a) T−1 (thermal activation model), (c) 
T−1/4 (3D-Mott VRH), (c) T−1/3 (2D-Mott VRH), and (a) T−1/2 (Efros VRH). The dashed line is 
the linear fit. 

In Mott-type VRH, the Coulomb interaction between hopping sites is ignored, thus the 

density of states near Fermi level is considered as a constant. However, in Efros and Shklovskii 

variable range hopping (ES-VRH), where Coulombic interactions are taken into consideration, 

the e-e interactions lead to a Coulomb gap at low temperatures. In this case, the resistivity in all 

dimensions scales as: ρ (𝑇𝑇) = ρ0 exp ��T𝐸𝐸𝐸𝐸
T
�
1
2�, here; 𝑇𝑇𝐸𝐸𝐸𝐸 = 𝛽𝛽𝐸𝐸𝐸𝐸 𝑒𝑒2 𝜀𝜀 𝑘𝑘𝐵𝐵 𝜉𝜉⁄  is a Efros 

characteristic temperature with 𝛽𝛽𝐸𝐸𝐸𝐸= 2.8, 𝜉𝜉 is localization length, e elementary charge, and ε 
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dielectric constant [81,82,119]. 

The thermal activation: ρ (𝑇𝑇) = ρ0 e𝐸𝐸𝐴𝐴 𝑘𝑘𝐵𝐵𝑇𝑇⁄ , where ρ0 is the resistivity coefficient, and 

𝐸𝐸𝐴𝐴 is the activation energy. The Efros VRH ρ (𝑇𝑇) = ρ0 e(𝑇𝑇𝐸𝐸𝐸𝐸 𝑇𝑇⁄ )1 2⁄ , where 𝑇𝑇𝐸𝐸𝐸𝐸 is Efros 

temperature. The 2D-Mott VRH ρ (𝑇𝑇) = ρ0 e(𝑇𝑇𝑀𝑀 𝑇𝑇⁄ )1 3⁄ , and 3D-Mott VRH ρ (𝑇𝑇) =

ρ0 e(𝑇𝑇𝑀𝑀 𝑇𝑇⁄ )1 4⁄ , where 𝑇𝑇𝑀𝑀 is Mott temperature [see Figure 5.12]. In the high temperature range, 

thermal activation and 3D Mott-VRH could not produce a decent linear curve of logarithmic 

resistivity versus T−1 and T−1/4, respectively [see Figure 5.12(c-b)]. Specifically, the CRO15 

transport follows a Mott-type VRH [ln(ρ) ∝ T−1/3] above ~25 K [Figure 5.12(c)], indicating that 

the transport is governed by disorder-driven Anderson localization [81,82,121,122]. At low 

temperatures, a crossover to Efros-type VRH [ln(ρ) ∝ T−1/2] is observed [see Figure 5.12(d)], 

likely suggesting the significance of e-e interactions in the strong localization regime [120,123–

125]. 

5.2.6 Magneto-transport 

The δ-doping of CRO films not only triggers the enhancement of conductivity but also 

induces a pronounced ferromagnetic order revealed by magnetoresistance (MR) shown in Figure 

5.13. The MR in pristine CRO40 and CRO20 is very small, as expected in paramagnetic metallic 

systems as in Figure 5.13(a). However, the MR effect is monotonically enhanced with reducing 

film thickness to CRO15, encompassing a small but noticeable MR hysteresis, suggesting a weak 

and possibly short-range FM fluctuation phase. Meanwhile, the low-field MR in CRO15 is 

positive [see blue arrows in Figure 5.13(a)] and becomes negative at higher fields. The positive 

MR is a sign of electron-electron correlations (EECs) that are stronger at low 

temperatures [85,126,127], consistent with the presence of Efros-type VRH ρ(T) behavior. 
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Figure 5.13. Magnetoresistance (MR) of (a) pristine and (b) δ-doped CRO at T = 5 K with the 
magnetic field applied along the film normal. The MR curves in (d)-(e) are offset to prevent 
overlapping. 

In contrast, the δ-doping in CRO15 (i.e., CRO7-SrO-CRO8) leads to a clear butterfly-like 

MR [see Figure 5.13(b), characteristic of FM order. It is noteworthy that the emergence of an 

FM state concurs with the extinction of positive MR observed in pristine CRO15. This feature 

likely supports the conjecture that the presence of FM ordering involves modification of 

EECs [108,128]. Such a distinctive hysteretic MR is also detected in both CRO10-SrO-CRO10 

and CRO20-SrO-CRO20 [see Figure 5.13(b)], corroborating the appearance of FM 

ordering. [74,90,91,93,129,130] However, different from the pristine CRO films, the δ-doped 

films have a non-monotonic variation of MR effects with strongest one in CRO10-SrO-CRO10. 
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5.2.7 Magnetic Force Microscopy 

To further reveal the unusual magnetic behavior in the δ-doped films, we performed 

cryogenic magnetic force microscopy (MFM) studies. The MFM experiments were carried out in 

a homemade cryogenic magnetic force microscope using commercial piezoresistive cantilevers 

(spring constant ≈ 3 N/m, resonant frequency ≈ 42 kHz). The MFM images of the CRO10-SrO-

CRO10 in different magnetic fields at 5.5 K are shown in Figure 5.14(a-h). 

 

Figure 5.14. MFM images of the δ-doped CRO10-SrO-CRO10 heterostructure taken in the 
increasing (a-d) and decreasing field (e-h) process (indicated by arrows). (i) Field-dependent 
RMS data representing the domain contrast. The inset in (i) is the MFM image of the same 
area measured at -3 T displaying a typical saturated state. 

There is weak bubble-like magnetic contrast (bright-dark pattern) in the zero-field MFM 

image after the sample was saturated at a positive field (6 T), indicating magnetic 

inhomogeneity. The magnetic contrast is barely above the noise level of our MFM system. These 

features suggest that the FM order in the ground state is not fully long-range. With an increasing 

magnetic field, the dark-bright contrast increases strongly. More bubble-like magnetic contrast 
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emerges at -0.3 to  0.4 T [see Figure 5.14(b-c), indicating inhomogeneous switching of magnetic 

order. The field dependence of magnetic contrast as measured by the root-mean-square (RMS) 

value of the MFM images Figure 5.14(i) shows a sharp peak between 0 T and -1 T. While 

reaching its maximum value at around 0.3 T, the magnetic contrast is barely visible below -1 T, 

indicating that the sample is approaching saturation [see Figure 5.14(d). In accord with the 

above, the RMS value varies very little below -1 T. A typical MFM image of the sample at 

saturation is shown by the inset of Figure 5.14(i). In contrast to the negative ramping, relatively 

uniform magnetic contrast was observed between -6 T and 0 T after saturating the sample at -6 T 

as in Figure 5.14(h-e). Consistently, the RMS values of the MFM images do not vary much as 

shown in Figure 5.14(i), demonstrating the hysteretic behavior of the magnetic order. Overall, 

the evolution of the magnetic contrast and their hysteretic behavior provide supporting evidence 

of unusual ferromagnetism without fully long-range ordering in the sample. 

5.2.8 Magnetization versus Temperature 

The magnetization as a function of temperature M(T) of pristine and δ-dopped CRO 

films is shown in Figure 5.15(a). All pristine CRO films show a paramagnetic-like signal 

reminiscent of SrTiO3 substrate with no clear signs of ferromagnetic transition. Though, SrO δ-

doping in the middle of CRO films induces a FM order as M(T) represents a paramagnetic to 

ferromagnetic transition. However, the M(T) curves in the δ-dopped CRO films has rather 

unusual T-dependence, showing non-typical long-range order M(T) line shape holding a very 

weak upturn between 35-60 K, though above, the magnitude of magnetization increases, but still 

relatively weak as compare to its sister counterpart SrRuO3 films. 

Normally, a long-range ordered FM system above TC obeys Curie-Weiss (CW) law;  χ =

𝐶𝐶 
𝑇𝑇–θ𝑐𝑐𝑐𝑐

 =  𝑀𝑀
𝐻𝐻

 ⇒ 𝑀𝑀−1 ∝  (𝑇𝑇– θ𝑐𝑐𝑐𝑐), where C is the CW constant and θ𝑐𝑐𝑐𝑐 is the Weiss temperature, 

so that M-1 is linearly proportional to T above TC. In our case here, a measurement of χ is not 
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feasible due to the extremely thin film limit, but the T-dependent inverse of magnetization [M-1 

(T)] can shed light on the unusual CW behavior. 

 

Figure 5.15. (a) Temperature-dependent magnetization of different thickness of undoped and 
δ-doped CRO films. (b) CRO10-SrO-CRO10 magnetization (M) inverse as a function of 
temperature. The black dotted line indicates a guide for the linear fit. 

As shown in Figure 5.15(b), the M-1(T) of CRO10-SrO-CRO10 in the paramagnetic state 

exhibits fair linearity only above a characteristic temperature TG ~ 60 K, but a sudden downturn 

occurs below TG. Such a deviation from the CW law in the temperature range TC < T < TG is 

reminiscent of a Griffiths-phase (GP) phenomenon. [29,131–134] GP is characterized by the 

coexistence of ferromagnetic entities within the globally paramagnetic phase, causing a non-

analytical behavior in magnetic susceptibility with characteristic departure from Curie-Weiss 

behavior in the vicinity of TC and TG (TG is referred to as Griffith’s temperature). [29,131–134] 

Such GP signature has been reported in bulk Ca-doped SrRuO3, where Ca substitution for Sr 

introduces ferromagnetic spin-spin coupling dilution through Ru-O-Ru bonds, and leads to TC 

reduction [29]. 

5.2.9 Density Functional Theory Calculations 

We have performed density functional theory (DFT) calculations on the heterostructure 
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shown schematically in Figure 5.16(a) to gain additional insights into the observed phenomena. 

Analyzing the structural changes due to the δ-doping, we find that the plane-projected octahedral 

tilt angle [see Figure 5.16(b)] remains essentially unchanged, whereas there is a dip in the A-site 

cation displacement xA [see Figure 5.16(c)], consistent with the STEM data. Additionally, by 

looking at the RuO2 interlayer spacing (∆), a significant increase at the place of the δ-layer site 

occurs paralleling the dip in xA [see Figure 5.16(d)]. Although not evident in the projected tilt 

angle (θ) measured by STEM, there is a large change in the 3D octahedral angle [Θ, see Figure 

5.16(e)] at the δ-doping layer. Taken together, these results indicate that the insertion of the δ-

doping layer causes a highly local modification of the atomic structure confined between the 

adjacent RuO2 layers. 

 

Figure 5.16. (a) Schematic representation of δ-doped heterostructures, where one of the Ca 
atomic (purple) layers is replaced by Sr atoms (green). (b) Theoretical and experimental 
projected octahedral tilt angle (θ), and (c) A-site cation displacement (xA). (d) Calculated 
RuO2 interlayer spacing (∆), and (e) three-dimensional octahedron bond angle (Θ). (f) Layer-
by-layer Ru-projected DOS of the heterostructure, with the selected layers labeled as in panel 
(a). Up-spins (majority) are represented as positive and down spins (minority) as negative. 

Further, we show the calculated Ru-projected DOS for the pristine CRO thin-film in the 

layers adjacent to the CaO layer that gets replaced by SrO (blue-shaded region). It is clear that 
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the thin-film is semi-metallic [13,67]. We assume that such a thin film models CRO15, which 

according to Figure 5.16(f), is on the verge of being ferromagnetic (the accuracy of our DFT+U 

calculations would not allow us to reliably predict at what thickness such a state would exist). In 

Figure 5.16(f)., we also show the Ru-projected DOS for the δ-doped film in several layers near 

the SrO plane. We note that the DOS in the immediately adjacent (green curves) differs from the 

others in that it signifies an enhancement of the DOS at the Fermi energy by approximately a 

factor of 2. 

5.2.10 Discussions 

If some form of disorder is present at increasing levels as the film thickness is reduced, 

the thinnest film may have sufficient disorder to induce Anderson localization in the small 

number of states at the Fermi energy EF throughout the CRO film. Hence a MIT occurs at a 

critical thickness. If we then assume that the same level of disorder is present in a doped film as 

in an undoped film we reason as follows. In films of all thicknesses, a doped film has a larger 

DOS at EF in the vicinity of the SrO layer than in the corresponding undoped film. Thus, in all 

doped films, only a fraction of the propagating states in the region of the SrO layer undergo 

localization, creating a “mobility edge”, i.e., propagating states remain so, and the MIT is 

avoided. This effect enhances the conductivity of films above the critical thickness, as observed. 

For thin films below the critical thickness, the same effect induces metallic behavior in the 

region of the SrO layer, which is also in agreement with the experimental data since the data 

cannot tell if the film is conducting throughout or only in the region of the SRO layer. As for the 

Griffiths-phase-like ferromagnetism in doped CRO films, the above analysis also tells us that 

there may be sufficient density of propagating states at EF in the SrO region to satisfy the Stoner 

criterion locally. We can then speculate that nonlocal exchange may trigger a domino effect, 

which generates patchy ferromagnetism throughout the CRO film. It is not currently practical to 
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perform DFT calculations in large heterostructures using hybrid functionals that include nonlocal 

exchange and check if the formation of FM patches in the CRO film lowers the total energy. The 

domino possibility remains to be tested. 

5.3 Conclusion 

In summary, we show that CaRuO3, otherwise being metallic and at the verge of a 

magnetic critical point, retains its nonmagnetic nature but becomes insulating in thin film form 

under a critical thickness (15 u.c.). In contrast, d-doping a single layer of SrO into ultra-thin 

CRO films results in an emergent Griffiths phase to unusual ferromagnetism and a transition 

back to a metallic state while the entire heterostructures preserve the bulk-CRO orthorhombic 

lattice symmetry. Atomic-resolution imaging along with DFT calculations find that SrO-layer 

insertion causes only highly local structural and electronic changes. The calculated DOS at the 

Fermi energy shows a noticeable enhancement near the insertion layer, leading to the local 

satisfaction of the Stoner criterion, which in turn may induce patchy ferromagnetism in the entire 

film by nonlocal exchange interactions. The observations demonstrate the fragility of the 

emerging magnetic state in CRO, shedding light on the role of A-site cation in electronic and 

magnetic structure additional to lattice distortion in ruthenates. These findings provide an 

innovative pathway to understanding the correlated system's electronic and magnetic nature 

through heterostructure architecture. 
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The ruthenates perovskite series (ARuO3, A= Ca, Ba, or Sr) exhibits unique properties 

owing to a subtle interplay of crystal structure, and electronic spin degrees of freedom. Here, we 

demonstrate continuous tunning of crystal symmetry from orthorhombic to tetragonal to cubic-

like phase (no octahedral rotations) in SrRuO3 achieved via epitaxial-strain stabilized Ba 

substitution (Sr1-xBaxRuO3 with 0 < x < 0.7). Remarkably, Sr0.8Ba0.2RuO3 film without octahedral 

rotations (a0b0c0), and flat Ru-O-Ru bond angle exhibits a nearly identical Tc ~145 K to that of 

orthorhombic SrRuO3, and is accompanied by an enhanced perpendicular magnetic anisotropy. 

Though, increased Ba-substitution (x > 0.5) significantly condenses the ferromagnetism, 

suggesting that B-cation and oxygen atom bonding nature and bond length become more 

important than the octahedral bond angle. The results provide a confirmation that besides 

determining octahedral distortion, the A-site introduces certain entangled electro-magnetic 

effects that greatly affect the ruthenates magnetic order. 

6.1 Introduction 

Perovskite oxides (ABO3) show a wide range of emergent functionalities originating 

from electro-magnetic interactions coupled to the octahedral units [8,49]. In the bulk perovskite 

oxide system, the oxygen octahedral environment is generally controlled via conventional 

chemical substitution or external stimuli such as hydrostatic pressure or 

temperature [102,135,136]. Besides, the lattice-mismatch epitaxial strained growth and artificial 

heterostructures [67,76,112,130,137–139] provide a possible engineering platform exploiting the 

structure-property relationship to stabilize perovskites oxides with multi-functional properties 

such as ferromagnetism in nonmagnetic materials [47,99], superconductivity [53], and 

ferroelectricity [50,140]. In particular, it has been shown that, by imposing an artificial 

heterostructures geometry, the magnetic anisotropy could be tuned due to the modified B-O-B 
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bond angle [6,7,141], highlighting the significance of the octahedral distortion controlling spins 

alignment and magnetization dynamics [6,7,141–145]. 

Perovskite ruthenates (ARuO3) with substitution of A-site from Ca to Sr to Ba is an 

excellent candidate, where structural, and electron spin degrees of freedom are closely 

coupled [17,29,102,135]. The replacement of Sr2+ (1.44 Å) with Ca2+ (1.34 Å) ion preserves 

orthorhombic crystal symmetry, yet different sized ions (Ca2+ being smaller) substitution results 

in distinct Ru-O-Ru angles (CRO:148° and SRO:163°); leading to subtle modification in the 

Fermi-level density of states; a characteristic distinguishing ferromagnetic (FM) SrRuO3 (SRO) 

from non-magnetic CaRuO3 (CRO)  [9,14,17,29,102,135]. In contrast, the larger A-site cation 

radii (Ba2+: 1.61 Å) introduces a distinct effect of transitioning into a cubic-symmetry, yet 

ferromagnetism significantly reduces (Tc = 60 K), indicating that magnetism of ruthenates could 

not be simply explained by octahedra bond angle. Since the nominal electron counting is not 

changing, the octahedral angle, as well as A-O and Ru-O bonding nature appear to be controlling 

factor, but the dominant feature has still not been identified. 

On other hand, it is difficult to synthesize the Ba-doped SrRuO3 single crystals, whereas 

high pressures (18 GPa) are necessary to stabilize a perovskite structure, otherwise ambient 

conditions favor the formation of different polymorphs, making the stabilization of Sr1-xBaxRuO3 

films rather difficult [29,135]. Yet, the challenge to engineer perovskite functionalities instigates 

finding innovative synthesis routes to manipulate the crystal structure. In this respect, the 

application of substrate-induced epitaxial strain delivers an auxiliary approach to high-pressure 

bulk synthesis and provides a viable epitaxial engineering platform to stabilize thin films with 

novel phases and multi-functionalities [53,146–150]. Thus, the epitaxial-strain provides the 

possibility to stabilize Sr1-xBaxRuO3 films, especially cubic-like perovskite ferromagnetic system 

stability would offer a possible platform to understand convoluted role of A-site cation in 
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determining the electro-magnetic structure of ruthenates. 

In this study, we establish epitaxial stabilization of the Sr1-xBaxRuO3 thin films using 

strain engineering. Combining atomically resolved scanning transmission electron microscopy 

(STEM) imaging, electron energy-loss spectroscopy (EELS), and X-ray diffraction along with 

magneto-transport measurements, we reveal or show that in a series of Sr1-xBaxRuO3 thin films, 

depending upon the degree of strain-stabilized Ba-cation substitution, the crystal lattice could be 

continuously transmuted from bulk-like orthorhombic to cubic-like (a0b0c0) phase enabled by 

change of RuO6 distortions. Implanting Ba-cation, not only transforms the lattice symmetry but 

also triggers a modification in perpendicular magnetic anisotropy (PMA). The resultant cubic-

like structure film is found to be ferromagnetic (Tc =145 K) with a strong PMA. However, 

increased Ba-implantation significantly reduces FM order, indicating that the A-site introduces 

certain intertwined effects that significantly impact the magnetic ordering of ruthenates. 

6.2 Experimental Methods 

Film Target Preparation. In this study, we systematically study the thin films of Sr1-

xBaxRuO3  (x = 0, 0.08, 0.2, 0.5, 0.7). The desired series of Sr1-xBaxRuO3 thin film targets were 

synthesized by conventional solid-state reaction. The starting material of SrCO3, BaCO3, and 

RuO2 in stoichiometric ratios was first mixed thoroughly and then heated at 1200° C in the air 

for 48 h. Regrinding and sintering at 1200 ° C were performed to increase the chemical 

homogeneity. The resultant powders were regrounded and pressed into pellets of 1’’ under a 

pressure of 1000 psi. The pellets were then sintered at 1100° C for 48 h in an oxygen 

atmosphere. To increase the chemical homogeneity and target density, another sintering at 1100° 

C for 48 h in an oxygen atmosphere was performed. 

Film Growth. The thin films of Sr1-xBaxRuO3 were grown by pulsed laser deposition 

(PLD) at 700° C with an oxygen pressure of 100 mTorr on TiO2 terminated SrTiO3 (001) 
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substrates. A KrF excimer laser (λ = 248 nm) with a 10 Hz repetition rate, and with an energy of 

300 mJ was focused on Sr1-xBaxRuO3 targets. After film deposition, films were cooled down at 

~10°/min to room temperature in an oxygen atmosphere of 100 mTorr. To monitor the film 

growth and thickness, the in-situ reflective high energy electron diffraction (RHEED) was 

employed. The film thickness was kept at ~ 40-unit cells (u.c.). 

Scanning Transmission electron microscopy (STEM) and Electron energy loss 

spectroscopy (EELS). STEM and EELS experiments were performed on a 200 kV JEOL ARM 

electron microscope at Brookhaven National Library equipped with double aberration correctors, 

a dual energy-loss spectrometer, and a cold field-emission source. TEM samples were prepared 

using a focused ion beam with Ga+ ions followed by Ar+ ions milling to a thickness of ~30 nm. 

The atomic-resolution STEM images were collected with a 21 mrad convergent angle (30 μm 

condenser aperture) and a collection angle of 67 – 275 mrad for high-angle annular dark-field 

(HAADF) and 11 – 23 mrad for annular bright-field (ABF) imaging. The atomic positions were 

obtained using two-dimensional Gaussian fitting following the maximum intensity. The 

microscope conditions were optimized for EELS acquisition with a probe size of 0.8 Å, a 

convergence semi-angle of 20 mrad, and a collection semi-angle of 88 mrad. Dual EELS mode 

was used to collect low-loss and core-loss spectra simultaneously for energy drift calibration in 

the collecting process.  EELS mapping was obtained across the whole film with a step size of 0.2 

Å and a dwell time of 0.05 s/pixel. EELS background was subtracted using a power-law 

function, and multiple scattering was removed by a Fourier deconvolution method. 

X-ray Diffraction. PanAlytical X’Pert thin-film diffractometer with Cu Kα−1 radiation 

with a single-crystal monochromator was employed to map out the X-ray coupled scan, omega 

scan, and reciprocal space mapping. The half-order integer spot measurements were carried out 

on a lab-based Malvern Panalytical X'Pert four-circle diffractometer with a collection time of 
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100-250 sec/point. 

Electron and Magneto-transport. The magnetization was studied by using a Quantum 

Design Superconducting Quantum Interference Device, a reciprocating sample option. The 

electron transport measurements were performed in a four-probe configuration on a Quantum 

Design Physical Property measurement system in the temperature range 5-300 K. For the 

magnetoresistance (MR), the external magnetic field was applied along the film normal. 

6.3 Results and Discussions 

6.3.1 Crystal Structure 

The crystal structure of films was analyzed using X-ray diffraction. Figure 6.1(a-b) shows 

the X-ray diffraction (θ-2θ) coupled scan around SrTiO3 (002)pc Bragg’s reflection for the series 

of Sr1-xBaxRuO3 thin films. In Figure 6.1(a-b), we can observe substrate and film peaks in 

conjunction with Laue interference fringes, confirming epitaxial stability and good crystallinity 

of thin films. 

 

Figure 6.1. Sr1-xBaxRuO3 ( 0 < x < 0.7 ) thin films; (a) Long-range coupled (θ-2θ) X-ray scan, 
and (b) θ-2θ scan around (002) reflection spot. (c) out-of-plane pseudocubic (cpc) lattice 
constant as function of Ba-doping concentration (x). 

We note that the Sr1-xBaxRuO3 series of the bulk family could only be synthesized at high 

pressures, otherwise ambient conditions favor the development of different polymorphs [29,135]. 
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The long-range couple scan displayed in Figure 6.1(a), establishes that we have succeeded in 

stabilizing a perovskite-type structure since the diffraction peaks are associated with polymorphs 

phases (nine-layered rhombohedral, four or six-layered hexagonal) are not observed [151]. The 

results demonstrate the effectiveness of epitaxial stabilization and the high crystalline quality of 

our thin films. 

The lattice constant analysis shows that the out-of-plane lattice parameter could be 

systematically modified via Ba placement in presence of epitaxial strain [see Figure 6.1(c)]. For 

pristine SrRuO3 film, we noted an out-of-plane lattice (OP) parameter of cpc= 3.957 Å, whereas 

elongation in OP is caused by compressive strain (bulk cpc, STO = 3.905 Å < cpc, SRO =3.925 Å). 

On other hand, systematic Ba-substitution into the SRO lattice results in (002) pc peak shift to 

lower 2θ-angles [see Figure 6.1(a-b)]. The shifting of the peak suggests out-of-plane lattice 

parameter is expanded, whereas the OP parameter as a function of doping concentration (x) is 

shown in Figure 6.1(c). Such OP lattice enlargement with varying degrees of Ba cation 

substitution advocates a structural transition (more discussion later). 

To further understand the crystal structure of Sr1-xBaxRuO3 thin films, we performed 

reciprocal space mappings (RSM) around (103) STO Bragg reflections. The RSM of SrRuO3 

film is shown in Figure 6.2(a). The inspection of film peaks shows different Qz values for 103 

and 013 diffraction peaks, indicating an orthorhombic structure. The observation of a GdFeO3-

type crystal structure agrees with the reported literature [4,70,152]. Furthermore, the film 

diffraction peaks have identical Qx with STO as shown in Figure 6.2(a), confirming SRO film is 

coherently strained. In contrast, for the Ba (8%) substituted sample, the film diffraction peaks 

have matching Qz, indicating a tetragonal structural variant as in Figure 6.2(b). With the 

increased Ba doping level to 20%, the appearance of film diffraction peaks at identical Qz value 

[see Figure 6.2(c)], establishes as tetragonal crystal symmetry but this film holds a larger film-
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substrate peak separation as compared to 8% Ba-doped SRO sample. We note that the trend of 

identical Qx as that of STO endorses the epitaxially strained nature of the film, ensuring excellent 

film quality [see Figure 6.2(c)]. 

 

Figure 6.2. Sr1-xBaxRuO3  thin films; reciprocal space mapping (a) x = 0, (b) x = 0.08, and (c) x 
= 0.2. 

6.3.2 Atomic-scale Structure and Composition 

We have performed scanning transmission electron microscopy (STEM) and electron 

energy loss spectroscopy (EELS) to explore the atomic structure and chemical composition as 

shown in Figure 6.3. In STEM, the High-angle annular dark-field (HAADF) imaging contrast is 

dependent on atomic number (Z2), thus HAADF mode is beneficial to visualize heavy atoms. 

The high-angle-annular-dark-field (HAADF)-STEM (Z-contrast) images reveal coherent 

growth of high-quality Sr0.92Ba0.08RuO3 [Figure 6.3(a-b)] and Sr0.8Ba0.2RuO3 [Figure 6.3(d-e)] 



122 
 

films on the STO substrate. Importantly, the large area HAADF and highly magnified HAADF 

corroborate dislocation-free structures possessing coherent interfaces and of high quality. 

Furthermore, electron energy loss spectroscopy (EELS) elemental profiles of Ba and Sr elements 

laid out in  Figure 6.3(c) and  Figure 6.3(f). The qualitative elemental profiles were obtained by 

integrating EELS intensity maps from different regions. The EELS data confirms a 

homogeneous distribution of doped Ba in the films. The averaged Ba concentration was 

measured to be 0.07 ± 0.004 in the Sr0.92Ba0.08RuO3 film [see Figure 6.3(c)] and 0.20 ± 0.017 in 

the Sr0.8Ba0.2RuO3 film [see Figure 6.3(f)], which supports the desired doping concentration. 

 

Figure 6.3. (a) Large area high-angle annular dark-field (HAADF)-STEM, and  (b) highly 
magnified HAADF images taken along the [100]-STO direction for 8% Ba-doped SRO film. 
The yellow line marks the substrate-film interface. (c) Chemical composition profile of Sr 
(pink) and Ba (green) within 8% Ba-doped SRO film. (d) Large area HAADF-STEM, and (e) 
high-resolution HAADF images taken along the [100]-STO direction for  20% Ba-doped SRO 
film. (f) Chemical composition profile of Sr (pink) and Ba (green) within 20% Ba-doped SRO 
film. 

6.3.3 RuO6 Octahedron Rotations 

To shed light on structural transition, we have investigated the RuO6 octahedra rotations 

of Sr1-xBaxRuO3 thin films using a combination of atomically resolved scanning/transmission 

electron microscopy (S/TEM) and half-integer X-ray reflections. In perovskites (ABO3), the 

Glazer notation [110,111] is used to describe these octahedral rotations, which describes 
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rotations of the octahedra about three orthogonal pseudo-cubic crystallographic axes: [100]pc, 

[010]pc, and [001]pc. The BO6 rotational magnitudes are specified by letters a, b, and c, referring 

to [100]pc, [010]pc, and [001]pc axes, respectively. The superscripts +, –, or 0 are used to show 

whether the adjacent octahedral around one axis rotate in-phase (+), out-of-phase (–), or no 

rotation (0). More specifically, the in-phase type rotations (+) give rise to ½ (odd-odd-even) type 

of reflections, while out-of-phase (–) produce ½ (odd-odd-odd) reflections [113,153]. 

 

Figure 6.4. (a) Crystal structure of bulk SrRuO3 (SRO). The orthorhombic (O) and pseudo-
cubic (pc) unit cells are indicated by green and orange color, respectively. (b) Pseudocubic 
unit-cell of SRO. The octahedral rotation is in-phase along [100]pc ([001]O), and out-of-phase 
about [010]pc ([1-10]O), as well as along [001]pc ([110]O) axes, respectively. (c) Schematic 
illustrations of orthorhombic SRO unit-cell orientation on a cubic SrTiO3 substrate. The in-
phase rotation (+) axis [100]pc of the film lies within the film plane, which aligns along [100]S 
of the substrate in Domain A, and along [010]S in Domain B. (d) Half-integer X-ray reflections 
for pristine SRO. (e) Representation of octahedral rotation pattern in pristine SRO film. Here, 
the coordinates are defined with respect to pseudocubic lattice. 

Herein, the material of interest; orthorhombic SrRuO3 falls into tilt system a+b−c− (Pbnm 

space group) as identified by the presence of an in-phase and two out-of-phase rotations [see 
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Figure 6.4(a-b)]. Generally, SrRuO3 film on SrTiO3 substrate grows in the [110]O direction, thus 

there are two possible orthorhombic unit-cell orientations, as given schematically in Figure 

6.4(c). Consequently, the b+ axis lies along the substrate plane with either in-phase [100]pc (ap) or 

out-of-phase [010]pc (bp) axis aligning with the [100]S (a) direction of the STO substrate, leading 

to a domain structure; referred as A and B [see Figure 6.4(c)]. In Domain A, the in-phase rotation 

(+) axis [100]pc (ap) of the film lies parallel to [100]S of the substrate, i.e., ([100]pc//[100]S) [see 

Figure 6.4(c)]. In domain B type structure, the in-phase rotation (+) pseudo-cubic [100]pc (ap) 

film axis is aligned with the [010]S STO-axis, and out-of-phase [010]pc (bp) axis aligns parallel to 

the [100]S (i.e., [010]pc//[100]S) [Figure 6.4(c)]. The structure in domains A and B are equal, but 

with 90° rotation. 

In our case, the half-angle reflections are revealed in Figure 6.4(d) establish a  single 

domain (i.e. domain B) structure with an a−b+c− rotation pattern for pristine SrRuO3 

orthorhombic film [153,154]. As exposed in Figure 6.4(d), for pristine SrRuO3, the �1
2

, 1
2

, 3
2
� peak 

reflects a− rotation, while �1, 1
2

, 3
2
� absence excludes the possibility of a+. In contrast, the 

�1
2

, 1, 3
2
� peak arises from b+ octahedral rotation, which eliminates the existence of b− rotations. 

Lastly, the occurrence of �1
2

, 3
2

, 3
2
� advocates c−, while �1

2
, 3
2

, 1� zero-peak rules out c+ rotation. 

From these results; the a−b+c− rotation pattern is valid for SrRuO3 film [153,154]. The 

inclination for single domain structure (i.e., type B) could be attributed to the vicinal nature of 

the (001)-STO substrate [41,45]. Previous studies have reported that on exactly 001-oriented 

STO substrate, the volume fraction for A and B-type domains could be identical, though, 

depending on the vicinal nature of the (001)-STO substrate, one kind of domain formation is 

preferred [113,114]. 

On other hand, the high-resolution transmission electron microscopy (HRTEM) images 
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and corresponding Fast Fourier Transform (FFT) patterns of 8% Ba substituted film 

(Sr0.92Ba0.08RuO3) suggest the presence of coexistence of Domain A and B, suggesting that in-

plane rotations are either – or +, respectively. Due to the coexisting domain A, and B structure 

[see Figure 6.5(a-c)], we can acquire simultaneously projected structures in [100]pc and [010]pc 

directions when viewing along the [100]S direction of the substrate. 

 

Figure 6.5. Domain structure in Sr0.92Ba0.08RuO3 film. (a) Schematic illustration of domain 
structure in 8% Ba-doped SRO film grown on STO substrate. In Domain A, the in-phase 
rotation (+) axis [100]pc (marked in red) of the film lies within the plane, which aligns along 
[100]S of the substrate in Domain A, and along [010]S in Domain B. The subscript pc refers to 
pseudo-cubic structure of the film, and the subscript s refers to cubic structure of the substrate. 
(b-c) Projected crystal structures and simulated electron diffraction patterns in the [100]pc 
(Domain A) and [010]pc (Domain B) directions. (d-e) HRTEM image with electron beam 
incident along the [100]S direction, and corresponding Fast Fourier Transform (FFT) patterns 
with characteristic fractional spots marked in red (Domain B) and green  (Domain A), 
respectively. The forbidden spots marked by the arrows, absent in the simulated electron 
diffractions, were observed due to multiple scattering of the electron and sample. 

Figure 6.5(d-e) depicts HRTEM images and corresponding FFT patterns, which are in 

accordance with the simulated diffraction patterns in the [100]pc (Domain A) and [010]pc 

(Domain B) directions [see Figure 6.5(b-c)]. The two-domain structures could be distinguished 

by the presence of characteristic diffraction spots marked as green and red in Figure 6.5(d-e). 

Generally, the structural domain size can range from tens to hundreds of nanometers [112]. Our 

TEM observation of 8% Ba doped SRO reveals that the majority of regions are Domain B 

([010]pc//[100]S) with a rotation pattern of a-b+c-, while only a minor portion of regions are 



126 
 

Domain A ([100]pc//[100]S), i.e., a rotation of type a+b-c-. The preference for Domain B-type 

structures could be attributed to STO substrate vicinality since the modified miscut angle and 

topography of substrate step edges would tend to transform the alignment of the orthorhombic 

longer c-axis alignment [113,114]. 

The structure of domains A and B is identical, but when along the [001]S direction, as in 

Figure 6.5(b-c), we can observe simultaneously the RuO6 tilt in domain A, and A-site cation 

displacement in Domain B. The quantitative analysis of A-site atomic displacements exhibits a 

value of less than ~ 0.1 Å versus the bulk SrRuO3 (0.12 Å), indicative of suppressed tilt/rotation 

angle along the in-plane direction. In addition, under a compressively strained scenario, we have 

the following condition: ap = bp < cp (tetragonal symmetry), hence to have considerably smaller 

ap and bp compared to cp, the octahedron rotations magnitude along two in-plane axes (ap and bp) 

would be diminished reduced [113]. Considering the preceding discussion, we argue that 8% Ba-

doped SRO film holds a tetragonal symmetry with the majority of film occupying an a-b+c- 

(domain B) rotation pattern, but possessing a diminished octahedral rotation magnitude (only a 

minor portion of film is domain A with a+b-c-). In other words, the 8% Ba-introduction in SRO 

lattice under epitaxial strain results in a modification of crystal symmetry and octahedral rotation 

magnitude but does not alter octahedral rotation pattern. 

To investigate the crystal structure of Sr0.8Ba0.2RuO3 film, we have obtained HRTEM 

images across [100] and [210] STO-substrate directions, as revealed in Figure 6.6(a-d). The FFT 

results  [see Figure 6.6(a-d)] obtained from HRTEM images confirms the absence of fractional 

spots, indicating a cubic structure. This is also evident annular-bright-field STEM image [see 

Figure 6.6(e)], where oxygen atoms forming a cubic symmetry with no tilt/rotation could be 

realized, corroborating a cubic structural symmetry. Furthermore, the half-integer reflection 

results revealed in Figure 6.6(e) suggests diminishing of corresponding peaks, supporting an 
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a0b0c0 tilt system, which is in agreement with STEM imaging. Overall, STEM structural analysis 

combined with half-integer X-ray measurements advocates an a0b0c0 tilt system, establishing a 

non-rotational octahedron symmetry typically observed in cubic-type perovskites. We note that 

for Sr0.8Ba0.2RuO3 film, due to compressive epitaxial strain, the out-of-plane lattice expands, 

while the in-plane lattice parameter is locked with STO (i.e., apc = bpc < cpc), this leads to the 

formation of purely tetragonal structure (cubic-type) without any octahedral rotations: a0b0c0; 

Pm-3m. 

 

Figure 6.6. Crystal structure of Sr0.8Ba0.2RuO3 film determined via S/TEM. (a) High-resolution 
transmission electron microscope (HRTEM) image taken along the [100] direction, and (b) the 
corresponding FFT pattern. (c) HRTEM image with (d) Fast Fourier Transform (FFT) pattern 
taken along the [210] direction. The FFT patterns are indexed using the notation of the pseudo-
cubic structure. (e) Highly-magnified annular-bright-field (ABF) STEM image taken along the 
[100] direction with projected structural model superimposed. The yellow line marks the TiO2-
(Sr/Ba)O interface. In panel (e), non-octahedra tilt across the interfaces could be observed. (f) 
Half-integer X-ray reflections for Sr0.8Ba0.2RuO3 film. 

6.3.4 Magnetometry 

In the following, we proceed to investigate the effects of structural symmetry on the 

physical properties of Sr1-xBaxRuO3 thin films. Figure 6.7 displays temperature-dependent 

magnetization [M(T)] and magnetic hysteresis [M(H)] of Sr1-xBaxRuO3 thin films obtained along 

three directions with respect to STO substrate: two in-plane directions; [100] and [010] and out 
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of plane [001] direction. The purely orthorhombic SRO film shows a sharp paramagnetic to 

ferromagnetic transition in M(T) near ~145 K holding a perpendicular magnetic anisotropy as 

shown in M(T) and M(H), where the easy axis resides along out of plane [001] direction as in 

Figure 6.7(a-b). This agrees with previous results [113,153,155–157]. We also observed an in-

plane magnetic anisotropy, which is associated with different octahedral rotations along in-plane 

directions (a−b+c−). 

 

Figure 6.7. Magnetization as a function of temperature [M(T)], and magnetic field [M(H)] for 
the family of  Sr1-xBaxRuO3  thin films. (a)-(b) SrRuO3, (c)-(d) Sr0.92Ba0.08RuO3, and (e)-(f) 
Sr0.8Ba0.2RuO3. For M(T), the samples are cooled down in 2000 Oe to 5 K, and in the second 
step, in presence of 100 Oe, the data is collected during warm-up. 

In contrast, the Sr0.92Ba0.08RuO3 tetragonal variant film reveals suppression of magnetic 

moments across two in-plane directions, while maintaining an out-of-plane easy magnetization 

axis [see Figure 6.7(c-d)]. Interestingly, under structural transformation to purely tetragonal 

(cubic-type with no octahedral rotations: a0b0c0) form in Sr0.8Ba0.2RuO3 film, the system still 

exhibits robust ferromagnetism (Tc ~145 K) with greatly enhanced perpendicular magnetic 

anisotropy (PMA) [see Figure 6.7(e-f)]. Moreover, the alignment of the magnetic spins along 
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two in-plane moments is highly suppressed, leading to an isotropic in-plane magnetic response in 

Sr0.8Ba0.2RuO3 film [see Figure 6.7(e-f)]. The observed magnetic behavior is attributed to purely 

tetragonal structural symmetry (a0b0c0) such that the easy magnetization axis is more aligned 

with the out-of-plane axis. 

6.3.5 Electron Transport 

Further, to investigate the itinerancy of Sr1-xBaxRuO3 thin films, the temperature-

dependent resistivity [ρ(T)] measurement is revealed in Figure 6.8(a). 

 

Figure 6.8. (a) Sr1-xBaxRuO3  thin films, temperature-dependent resistivity. Magnetoresistance 
(MR) was measured at different temperatures of (b) SrRuO3, (c) Sr0.92Ba0.08RuO3, and (d) 
Sr0.8Ba0.2RuO3 thin films with a magnetic field applied along out-of-plane direction. 

All films exhibit a metallic behavior of decreasing resistivity with temperature and 

undergo a paramagnetic to ferromagnetic transition as revealed by a kink in ρ(T) as in Figure 

6.8(a). Additionally, we have measured the magnetoresistance: MR =[𝑅𝑅(6𝑇𝑇) − 𝑅𝑅(0)] 𝑅𝑅(0)⁄ , 

where R(6 T), and R(0) are the resistances at a magnetic field of 6 T, and 0 T, respectively. We 

note that for non-magnetic systems, the MR holds a parabolic shape, while FM systems show a 

negative, non-parabolic MR. In our case, the presence of hysteretic MR at the lowest temperature 

5 K, indeed confirms the presence of robust ferromagnetic ordering in SrRuO3, Sr0.92Ba0.08RuO3, 

and Sr0.8Ba0.2RuO3 thin films [see Figure 6.8(b-d)]. It could be seen that the MR magnetic 
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hysteresis endures up to 90-100 K, whereas above a non-parabolic MR persists up to ~145 K. 

These observations show that systems hold a magnetic order up to ~ 145 K, supporting the 

SQUID magnetometry. 

6.3.6 Hall Transport 

Furthermore, for samples under study, we discuss the Anomalous Hall effect (AHE), 

which describes intrinsic magnetization. The total hall or transverse resistance is specified as Rxy 

= R0 H+ RAM. Here, the first term (R0H) signifies the ordinary Hall component arising from 

Lorentz force contribution with R0 being the ordinary Hall coefficient and H the magnetic field. 

The second term  (RAHE = RAM) indicates the anomalous contribution, where RA is the 

anomalous Hall coefficient, and M is the magnetization. For clarification of the anomalous 

component, we subtracted the ordinary Hall term by linear fitting, which is obtained from the 

total hall resistance versus the applied field curve in the high field’s regime. The anomalous 

contribution measured at different temperatures for the series of Sr1-xBaxRuO3 (x = 0, 0.08, and 

0.2) thin films is shown in Figure 6.9. 

 

Figure 6.9. Anomalous Hall resistivity of (a) SrRuO3, (b) Sr0.92Ba0.08RuO3, and (c) 
Sr0.8Ba0.2RuO3 thin films. 

For, films under study, the reversed hysteretic curve at the lowest temperatures signifies a 
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robust FM order encompassing a negative RA [see Figure 6.9(a)]. The SrRuO3 (x = 0) film 

displays an inverted magnetic hysteresis loop till 100 K, while at high temperatures at 100 K, a 

sign reversal occurs as in Figure 6.9(a). Comparable hall structure with pronounced inverted 

squarish shape hysteresis at low temperatures, signifying strong ferromagnetism could be seen 

Sr0.92Ba0.08RuO3 [Figure 6.9(b)] for and Sr0.8Ba0.2RuO3 [Figure 6.9(c)] films. 

6.3.7 Ferromagnetism versus Ba-substitution 

Finally, we discuss the evolution of ferromagnetism and Tc in a series of Sr1-xBaxRuO3 as 

presented in Figure 6.10. The pristine SRO possesses a Tc of 145 K, while the tetragonally 

distorted variant 8%-Ba-doped SRO film demonstrates a little enhanced Tc of 149 K. 

 

Figure 6.10. Phase diagram of Tc in series of  Sr1-xBaxRuO3 thin films as function of Ba-
concentration (x). 

Remarkably, in purely tetragonal form (cubic-type octahedral rotations: a0b0c0), the 

Sr0.8Ba0.2RuO3 film without octahedral rotations and flat Ru-O-Ru bond angle has nearly 

identical Tc ~145 K as compare to the orthorhombic variant. However, the increased Ba 

concentration to 50% Ba, while retaining a cubic [Pm-3m: a0b0c0] phase results in a suppression 
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of the ferromagnetism and Tc ~100 K, which reduces further to 80 K for 70 % Ba. This suggests, 

even though the structure remains in a higher symmetry regime (cubic), the introduction of more 

Ba introduces some subtle changes in electronic and magnetic structure, which condenses the 

ferromagnetic order. 

In the 4d perovskite ruthenates ARuO3 (A= Ba, Ca, or Sr) family, the magnetic ordering 

is explained via the Stoner picture [13–15,158]. Mazin and Singh [14] showed that SrRuO3 in an 

idealized cubic symmetry displays a van Hove singularity in the Fermi-level density of states 

D(E𝐹𝐹) primarily due to flat Ru 4d𝑡𝑡2𝑔𝑔 bands hybridized with O-2p bands. Though imposing an 

orthorhombically distorted structure lifts the degeneracy from Ru 4d 𝑡𝑡2𝑔𝑔 states, leading to a 

reduction in Ru 4d-O-2p overlap accompanied with slight bandwidth narrowing and a small 

splitting of the van Hove peak. In SrRuO3, comparatively smaller GdFeO3-type distortions as 

oppose to CaRuO3 are considered ideal for the indirect exchange magnetic interactions, leading 

to FM metal (Tc ~ 160 K) [9,17]. Under, this model, a maximized Tc, even higher than SrRuO3 is 

projected in a crystal symmetry with a flat Ru-O-Ru bond angle of 180° [14,29,135]. Though, in 

our case, we have revealed that orthorhombically distorted pristine SrRuO3 film and purely 

tetragonal Sr0.8Ba0.2RuO3 film with a Pm-3m (a0b0c0) symmetry have nearly identical Tc. 

However, the increased Ba concentration significantly reduces the Tc [see Figure 6.10]. In Sr1-

xBaxRuO3 series, the final member: BaRuO3 encompasses larger bond lengths: 〈Ba-O〉 =2.832 Å  

and 〈Ba-O〉 = 2.003 Å (versus bulk SrRuO3: 〈Sr-O〉 =2.780 Å  and 〈Ru-O〉 = 1.984 Å) [135]. As 

a result of increased elongation of the Ru-O bond, it is highly probable that Ru-O orbital overlap 

decreases and leads to a reduction in the exchange energy. The exchange is related to both the 

Ru-O-Ru bond angle and the Ru-O bond length. Thus, even though the Ru-O-Ru bond is flat 

(180°), the increased Ru-O bond length probably leads to a contrasting effect of weakening the 

Ru-O orbital hybridization. The Ru-O bonding is important since in SRO ~70% of the net 
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ordered moments are associated with the Ru-site and the remaining magnetism resides on the O 

sites [13,14,159]. This effect is also observed in the ferromagnetic manganites, where 

(La,Ba)MnO3 has a lower ordering temperature than (La,Sr)MnO3 [160]. Despite having a 

straighter octahedral bond angle (180°), the opposing effect of B-O bond length expansion 

outcomes in a MnO orbital overlap reduction, which decreases the ferromagnetic transition 

temperature. Therefore, the B-site cation and oxygen atom bonding nature and bond length 

become more important than the octahedral bond angle. The results provide a direct confirmation 

that besides determining octahedral distortion, the A-site introduces certain entangled electro-

magnetic effects that greatly affect the ruthenates magnetic ordering. 

6.4 Conclusion 

In conclusion, we fabricated the Sr1-xBaxRuO3 thin films. Here, we have shown that with 

varying degrees of Ba substitution in SrRuO3 under epitaxial strain a cubic-like crystal structure 

with non-rotational RuO6 unit geometry commonly could be formed. The epitaxially stabilized 

cubic-type ruthenate system is ferromagnetically (Tc ~ 145 K) ordered with a strong 

perpendicular magnetic anisotropy. Our results demonstrate the importance of octahedral unit 

structure in determining the electromagnetic properties of ruthenates. Moreover, the investigation 

provides an essential understanding of ruthenates ferromagnetism, indicating sensitivity to A-site 

and advocating the A-O and Ru-O orbital hybridization importance. 
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In Chapter 4 of this thesis, I presented a systematic study on ultrathin epitaxial ruthenate 

oxide: SrRuO3 (SRO); spatially confined between SrTiO3 (STO) i.e., STO5-SROn-STO5 with n = 

1- and 2-unit cells. Our experimental results demonstrate that the STO5-SRO1-STO5 film is 

nonmagnetic and insulating. The RuO6 octahedra network in STO5-SRO1-STO5 is governed by 

STO cubic structure without any octahedral tilt or rotational distortion. However, once the SRO 

thickness is increased to 2-unit cells, the system becomes ferromagnetic-metal but retains a non-

tilted octahedral symmetry, thus excluding the role of the lattice structure. Our atomically 

resolved spectroscopy demonstrates that STO5-SRO1-STO5 heterostructure displays a Ru-Ti 

intermixing in the RuO2 layer compared to STO5-SRO2-STO5. Density-functional-theory 

calculations support that stoichiometric n = 1 and n = 2 heterostructures are metallic and 

ferromagnetic with no octahedral tilts, while non-stoichiometry in the Ru sublattice in the n = 1 

case opens an energy gap and induces antiferromagnetic ordering. Thus, the results designate 

that the non-stoichiometry is the cause of the observed loss of metallicity and ferromagnetism in 

the n = 1 case. The results highlight the role of non-stoichiometry and interface-induced 

intermixture in determining the functionality of spatially confined materials. To that end, it is 

imperative to develop film growth methodology via which the interface-induced intermixture 

and non-stoichiometric effects could be minimized. 

In Chapter 5, we report the emergence of unusual, thickness-dependent properties in 

ultrathin CaRuO3 (CRO) films by unique insertion of a single isovalent SrO layer (referred to as 

“δ-doping”). While bulk CaRuO3 holds a metallic and nonmagnetic nature, the thin-films of 

CRO confined to a thickness of ~15-unit cells (u.c.) become insulating, while retaining a 

nonmagnetic state. The 15 u.c. (CRO15) film is identified to be fully insulating, where it exhibits 

Efros-variable range hopping at low temperatures. In contrast, the δ-doping to the middle of such 
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CaRuO3 film induces an insulator-to-metal transition and enhancement of conductivity. The δ-

doping of CRO films not only triggers the enhancement of conductivity but also induces a 

pronounced ferromagnetic order revealed by magnetoresistance (MR). The atomically resolved 

imaging exposes that the whole δ-doped film preserves the bulk-CaRuO3 orthorhombic structure, 

while a small local structural modification is present in the SrO layer. The density functional 

theory calculations support that the SrO layer can cause a modulation on the adjacent Ru t2g 

bands, highlighting the presence of highly local subtle electronic and structural effects 

introduced via Ca/Sr replacement. The outcomes highlight the delicate nature of magnetic 

ordering in CaRuO3 and entangled effects that can alter it, especially the role of A-site cation in 

electronic and magnetic structure in addition to lattice distortion in ruthenates. 

Considering that we observed a metal-to-insulator transition governed by disordering 

effects, in this regard, the DFT calculations cannot catch up with the essence of such observed 

emergent behavior, thus calculations beyond standard methods are required. Moreover, one key 

question to address is to explore experimentally whether the δ-doping trigged ferromagnetic 

ordering is highly local near the SrO layer or the effects extend into the CRO film.  Experimental 

investigations via techniques such as X-ray circular and linear dichroism and Lorentz 

microscopy could be utilized to explore the magnetic structure. Moreover, the next step would be 

to utilize different substrates and explore the effect of compressive versus tensile strain on film 

properties. The methodology explained in Chapter 5 could be utilized to explore the correlated 

system's electronic and magnetic nature through heterostructure architecture. 

Lastly, in Chapter 6, we demonstrate an unusual tuning of crystal lattice symmetry in 

pristine SrRuO3, achieved via epitaxial-strain stabilized Ba substitution. Using strain stabilized 

Ba implantation in SrRuO3, the crystal symmetry could be continuously transmuted from bulk-

like orthorhombic to cubic-like phase. The cubic film exhibits robust ferromagnetic ordering (Tc 
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= 145 K) with a strong perpendicular magnetic anisotropy. However, increased Ba implantation 

dramatically diminishes the Tc, while the system retains a cubic form. This suggests, that even 

though the structure remains in a higher symmetry regime (cubic), the introduction of more Ba 

introduces some subtle changes in electronic and magnetic structure, which condenses the 

ferromagnetic order. The outcomes provide a direct confirmation that besides determining 

octahedral distortion, the A-site introduces certain entangled electromagnetic effects, that greatly 

affect the Ru-O hybridization, leading to a profound effect on the ruthenates magnetic ordering. 

In this dissertation work, we have explored how heterostructure engineering could be 

employed effectively to control and isolate the several significant parameters that contribute to 

the emergent electromagnetic phenomena in perovskite ruthenate oxides. 
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