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Abstract

Transition metal oxides with 4d or 5d electrons exhibit a multitude of intriguing
magnetic and electronic properties, including unconventional superconductivity,
Mott transitions, spin orbital ordering, colossal magnetoresistance, to name a few,
which are dictated by various interactions like hopping, electron correlations, spin
orbit coupling, electron - phonon coupling etc. The highly extended nature of the
4d orbitals results in competition between comparable energy scales set by local
interactions, including the Coulomb interaction, Hund’s coupling and crystal field
(CF) terms, together with intrinsic spin-orbit coupling (SOC) of transition metal
ions. Hence in these materials, small perturbations can induce significant changes
in their physical properties giving rise to a class of exotic phenomena rarely found
in other materials. Perovskite ruthenium oxides of the Ruddlesden-Popper (RP)
series, (Sr/Ca)n+1RunO3n+1 have attracted interest due to the discovery of un-
conventional superconductivity in Sr2RuO4. Additionally these materials exhibit
structural resemblance to cuprate superconductors and have been in the last two
decades among the leading topic in condensed matter physics. The current interest
in ruthenate materials emcompasses studies beyond the nature of superconductiv-
ity in Sr2RuO4.

While Sr2RuO4 is a metal and could be described within the framework of
the Fermi - liquid theory, the isovalent substitution of Sr by Ca results in the
n = 1 member – Ca2RuO4 – of the RP series, which is an insulator that shows
a metal insulator transition at 356 K and a Néel transition at 110 K resulting
in an anti ferromagnetic Mott insulator state. The metal insulator transition in
this material has been proposed to be of the Mott Hubbard type resulting from
the smaller size of the Ca2+ ions in comparison to the Sr2+ resulting in lattice
distortions. Although the mechanism behind rendering the 2/3 filled t2g bands
insulating has been credited to Mott type physics, the nature of Mott transition
in Ca2RuO4 has been a subject of debate for decades with different scenarios
proposed for the orbital occupancy. Thus, the need for a deeper understanding
of this mechanism constituted one of the primary objectives of this study. Here,
in the first part of the thesis, a high resolution oxygen K -edge resonant inelastic
x - ray scattering (RIXS) study of the antiferromagnetic Mott insulating state of
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Ca2RuO4 is presented. Our results strongly support a spin - orbit coupled band-
Mott scenario - characterized by orbitally selective coexistence of a band and a
Mott gap. From our studies we were able to conclude that the band - Mott scenario
is triggered by a crystal field that renders the dxy orbital band insulating with the
half filled dxz/yz bands undergoing Mott transition driven by Coulomb interaction.
RIXS study also showed a set of low - energy excitations (about 80 and 400 meV)
and high - energy excitations(about 1.3 and 2.2 eV) , exhibiting strong incident
light polarization dependence. With the support from theoretical modelling, the
low - energy excitations were interpreted as a result of composite spin-orbital
excitations. Their nature unveils the delicate and complicated interplay of crystal
- field splitting and spin - orbit coupling in the band-Mott scenario. The high -
energy excitations correspond to intra - atomic singlet - triplet transitions at an
energy scale set by Hund’s coupling. Our findings give a unifying picture of the
spin and orbital excitations in the band-Mott insulator Ca2RuO4.

One of the most intriguing compounds belonging to RP series is Ca3Ru2O7

(n = 2) which is a bilayered system intermediate between the Mott insulating an-
tiferromagnet Ca2RuO4 (n = 1) and the metallic paramagnet CaRuO3 (n = ∞).
It undergoes an antiferromagnetic ordering at 56K and an insulating transition at
48K. It exhibits a variety of exotic phenomena including high sensitivity to im-
purities (even with minute amount of substitution of Ruthenium with Titanium
about ~ 0.03% ) resulting in a Mott metal-insulator transition , metamagnetic
transition, Colossal Magneto Resistance, and Shubnikov-de Hass oscillations. Re-
cent angle resolved photo emission spectroscopy (ARPES) measurements have
unveiled that the system undergoes multiple Fermi surface reconstructions con-
comitant with the various transitions in the system . Embarking on a strategy to
exploit this electronic reconstruction in Ca3Ru2O7, that results in electron like and
hole like bands at low temperature, we performed magnetoresistance and magneti-
sation measurements and derived an analytical formulation of the conductivity of
a two-band system . In this approach, electron and hole carrier densities and their
respective conductivities are mapped into a two-dimensional phase space. Pro-
vided that the carrier density of one type of carrier is known, the dimensionless
phase space can be explored through magnetoresistance measurements. While the
low-temperature magnetoresistance is consistent with a two-band structure, the
study shows that an electronic transition at T = 30 K triggers a more complex
Fermi surface rendering the model unusable above this temperature scale. Finally,
we discuss how the analytical formulation combined with magnetoresistance ex-
periments can be used to evaluate a given system’s compliance with a two – band
model.
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The thesis also briefly presents thermoelectric measurements carried out on
various samples using a home - built thermoelectric setup, developed during the
course of my PhD work, for measuring thermopower, thermal Hall and Nernst
effect in the Quantum Design Physical Property Measurement System(PPMS) .

The set up has been used to study a variety of samples, including thermopower
and anomalous contribution to the Nernst effect on samples like Type I Weyl
semimetal–PrAlGe, which is a very interesting system in the sense that it breaks
both time and inversion symmetry and could be a potential candidate material for
carrying pure spin currents. Measurements were also conducted on thermoelectric
properties of the bilayer ruthenate Ca3Ru2O7 where it was used to understand
the anomalies in thermoelectric power concomitant with the change in the topol-
ogy or the reconstruction of Fermi surface across a transition temperature. Re-
cently, Anomalous Hall effect stemming from berry curvature effects in topological
semimetal EuCd2As2 was reported. EuCd2As2 is hence a prime candidate material
to study other exotic phenomena like anomalous/topological Nernst effect which
is the thermoelectric analogue to topological Hall effect. The thermoelectric mea-
surements carried out in this system showed the presence of an exotic topological
Nernst effect stemming from berry curvature associated with Weyl nodes.

KEYWORDS: Transition Metal Oxides, Ruthenates, Mott Hubbard Insula-
tor, Spin-Orbital excitations, Magnetoresistance, Two-bandmodel, Thermopower,
Nernst Effect .

The thesis is organized as follows:

• Chapter 1 gives an overview about the mechanisms responsible for the physics
of ruthenates. The chapter also gives a brief overview of the different mem-
bers in the ruthenate Ruddleson Popper series

• Experimental methodology is discussed in Chapter 2. Information is given
about detwinning techniques, laboratory Laue X- ray diffraction setup- used
for the prealignment of the crystals, and the synchrotron beamlines, at which
X - ray absorption spectroscopy (XAS) and RIXS studies were carried out.
The chapter also discusses succinctly the resistivity, Hall and thermoelectric
measurement set ups used for the studies presented in this thesis.

• The results of XAS and RIXS study on Ca2RuO4 is presented in this section
.

• Chapter 4 describes the application of two–band model to the magnetoresis-
tance data of Ca3Ru2O7. The analytical formulation is also applied for other
systems.
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• Chapter 5 is the penultimate bonus chapter that discusses thermopower mea-
surements performed on systems: PrAlGe and EuCd2As2 using a home - built
thermoelectric probe in the PPMS.

• The main results and conclusions of this work are summarized in this last
chapter.
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Chapter 1

Introduction

Technological milestones in the history of human civilization is often marked by the
discovery or manipulation of new materials with interesting and useful properties.
Condensed matter physics deals with the macroscopic and microscopic physical
properties of matter. It is in particular concerned with the "condensed" phases
that appear whenever the number of constituents in a system is extremely large
and the interactions between the constituents are strong. One of the most striking
aspect of physics is the simplicity of its fundamental laws. The primary objec-
tive of a contemporary condensed matter physicist is to search for new quantum
materials and create concepts capable of understanding various new and exotic
phenomena. A traditional reductionist approach to condensed matter physics at-
tributes the macroscopic behaviour of a system to the fundamental laws governing
the microscopic behaviour of its constituent elements [1–3]. However the complex
behaviours of interacting systems, even within the confines of classical physics, can-
not be explained by the straight forward application of a reductionist approach.
P.W Anderson in his 1972 seminal article - "More is Different"- wrote that "The
ability to reduce everything to simple fundamental laws does not imply the ability
to start from those laws and reconstruct the universe" [3].
Transition metal oxide (TMO) systems provide an ideal platform to investigate
complex behaviours arising from strong interactions among charges in the d or-
bitals. These strong correlations give rise to a plethora of interesting properties
involving spin, lattice, charge and orbital degrees of freedom. The International
Union of Pure and Applied Chemistry (IUPAC) defines transition metal as "an
element whose atom has a partially filled d sub-shell, or which can give rise to
cations with an incomplete d sub-shell" [4]. In the past few decades d-transition
metal oxides have been in the forefront of research and represents a highly active
field of condensed matter physics. Due to several comepeting orders, many of these
systems are highly sensitive to perturbations and the strong electron correlations
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Chapter 1. Introduction

Fig. 1.1 Phase diagrams of a few representative members of the strongly correlated
electron family. (a) Temperature versus hole density phase diagram of Man-
ganites. (b) Generic phase diagram of high temperature super condutors. (c)
Phase diagram of Co oxides. Taken from Ref. [2]

give rise to a broad range of intriguing phenomena including colossal magnetoresis-
tance, high temperature superconductivity, Mott insulating states etc... [5]. These
materials often exhibit complicated phase diagrams with several competing states
as shown in Fig.1.1.

The understanding of these materials has challenged a condensed matter physi-
cist’s view of solids. Despite decades of research, high temperature supercon-
ductivity is still not fully understood. The spontaneous emergence of electronic
nanometer-scale structures in transition metal oxides, and the existence of many
competing states, are properties often associated with complex matter [2]. In
such systems the properties of a few particles are not sufficient to understand the
macroscopic picture when these interact and is in contradiction to the traditional
reductionist hypothesis accepted by a great majority of physicists. In several tran-
sition metal oxides and other materials experimental results have found spatially
inhomogeneous dominant states and this is often attributed to competition and
coexistence of several physical interactions including spin, charge, lattice, and/or
orbital degrees of freedom [2]. In the wake of competing orders and states in
these materials, the reductionist approach is gradually superseded by emergent
phenomena. The emergent phenomena refers to new properties that arise from
the interactions of many particles in a complex system. It lies outside the physics
of constituent particles i.e the generation of properties that do not pre-exist in a
system’s constituents [2, 3, 6]. TMO hence provides a fertile playground to explore
emergent phenomena.
The discovery of colossal magnetoresistance (CMR) in manganites (Mn oxides),
triggered an explosion of interest in these materials which led to application of fun-
damental phenomena like CMR in development of new technologies with practical
importance [7]. Further, with the discovery of high temperature superconductiv-
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Fig. 1.2 The isostructural Sr2RuO4 and La2CuO4 has markedly different electronic
properties - Sr2RuO4 is strongly metallic and a superconductor at low temper-
ature, whereas La2CuO4 is an antiferromagnetic insulator.Taken from Ref. [9]

ity (HTSC) in LBCO (La2–xBaxCuO4) in 1986 by Alex Mueller et al. [8], with
a record transition temperature of 30 K surpassing the expected transition tem-
peratures of conventional super conductors of the time, resulted in an influx of
new measurements and subsequent application of such fundamental phenomena
in commercial developments. These exotic phenomena like CMR where a small
change in magnetic field results in enormous changes in resistivity, high temper-
ature superconductivity etc... are properties often attributed to strong electron
-electron (el-el) correlations in these materials.

Apriori, due to the highly extended nature of the 4d orbitals compared to
their 3d counterparts, 4d TMO materials were thought to have less significant
el-el correlations and hence relatively less attention was paid to this class of ma-
terials. However, with the discovery of exotic superconducting pairing in a com-
pound without copper - Sr2RuO4 - a layered perovskite material isostructural with
La2–xBaxCuO4 (see Fig 1.2 ) [9] in 1994 by Maeno et al. [10], sparked intense in-
terest into research of ruthenate compounds and has since triggered a burgeoning
body of research work on this and related ruthenate compounds.

The term ruthenate denotes a large group of oxide materials based on ruthe-
nium. Our discussion in this chapter and thesis would focus primarily on the Rud-
dleson Popper (RP) series of ruthenates with the general formula (Sr/Ca)n+1RunO3n+1.
Here (n = 1, 2, ...∞), denotes the number of connected layers of vertex sharing

3



Chapter 1. Introduction

Fig. 1.3 Ruddlesden-Popper phases of (Sr, Ca)n+1RunO3n+1 for n =∞, 1, 2, 3. The Ru
atoms are shown as pink spheres at the center of the oxygen octahedra. Oxygen
atoms shown in blue and Sr or Ca atoms are located between the layers. Taken
from Ref. [11]

RuO6 octahedra as shown in Fig 1.3 (with the Ru atoms located at the center of
each octahedron). Ruthenates constitute the archetype of systems which shows a
strong dependence of their physical properties on the number of layers. These ma-
terials exhibit a variety of unusual phenomena like metal-insulator transitions [12],
unconventional superconductivity [10], possible metamagnetic texture in anti fer-
romagnetic state [13], existence of a Dirac semimetal state [14], colossal magneto
resistance [15] to name a few. In the RP series, Ca compounds are more struc-
turally distorted than their Sr counterparts due to the smaller ionic radius of Ca
ions causing a profound impact on the magnetic and transport properties of the
compounds [5]. While no rotation or tilt of RuO6 has been reported for the Sr
compounds, all Ca-compounds deviate from their Sr counterparts by a rotation
and or tilt of the RuO6 octahedra as shown in Fig 1.4. The Ca- compounds are
severely distorted with the octahedra significantly tilted along an axis in the RuO2

planes and rotated along the crystallographic c-axis direction leading to a lowered
structural symmetry and unequal Ru-O bond lengths [5].

Metal Insulator Transitions
The discovery of high temperature superconductivity in cuprates and subse-

quent discovery of superconductivity in Sr2RuO4, triggered a strong interest in
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Fig. 1.4 Pictorial representation of the various distortions of RuO6 octahedra. In
Ca2RuO4, RuO6 octahedra exhibit three lattice distortions - the flattening
along c axis, tilting around an axis in the RuO2 planes plus a rotation along
the crystallographic c axis. Taken from Ref. [16]

Fig. 1.5 Sketch of the density of states and band fillings for insulator, semiconductor,
semimetal, and metal according to band theory; occupied energy levels at zero
temperature are filled in. Taken from Ref. [17]

the physics of TMO and renewed focus on Metal-insulator transitions (MIT). MIT
are observed in many condensed matter systems and are accompanied by huge
resistivity changes. Here we discuss about Mott type transitions that are driven
by correlation effects associated with the electron-electron interaction [7].

Band structure theory provides a very simple and successful understanding for
the existence of metals and insulators. The energy bands are separated due to the
influence of the periodic potential resulting in energy gaps between the bands - If
the chemical potential lies between two such bands all bands are either completely
filled (“valence bands”) or empty (“conduction bands”) as shown in Fig 1.5 [17].

However in 1937, in a paper by Boer and Verwey [18], attention was drawn to
3d TMO with partially filled d - electron bands which were expected to be metals
but were found to be insulating. In the same year, N.F Mott along with Peirls

5



Chapter 1. Introduction

showed that this atypical insulating phase is the result of strong electron electron
interactions in these materials and provided the theoretical framework for the study
of these materials called the Mott insulators [19]. In such materials, due to the
strong on-site electron correlation given by the Coulomb interaction U, the original
band would be split into two bands with energy gap of U, and thus the system
would be an insulator. The Mott-Hubbard model is used as an archetypal model
for theoretical understanding of the electron-electron correlation effects on the
metal insulator transition. The Hubbard Hamiltonian uses the simplified approach
where the atoms in a solid correspond to a collection of sites each with a single
level. Pauli’s Principle introduces a constraint of four configurations- empty, a
single up fermion, a single down fermion, or double occupation by a pair of up and
down Fermions. In a solid electrons can move around and the electrons interact
via a screened Coulomb interaction. This interaction strength is maximum U if
the site is doubly occupied and zero if the site has only single fermion/ is empty.
The simple model Hamiltonian does not take into account the interaction between
the Fermions at different sites, however this can be corrected using the extended
Hubbard Hamiltonian. The kinetic energy expression in the Hamiltonian describes
the destruction of a fermion on one site and creation at another. This process-
termed ’hopping’ is governed by energy scale t- determined by the overlap of two
wavefunctions on the pair of atoms. In the simplest case, hopping is considered
only between the nearest atoms in the lattice [20]. Using the reasoning above, the
expression for the Hubbard Hamiltonian is given as follows

H = −t
∑
〈jjj,iii〉σ

(C†jjjσCiiiσ + C†iiiσCjjjσ) + U
∑
jjj

njjj↑njjj↓ − µ
∑
jjj

(njjj↑ + njjj↓) (1.1)

The first term denotes the kinetic energy which describes the annihilation of
fermion of spin σ at site i and its creation at j or vice versa. 〈jjj, iii〉 shows that
the hopping is allowed between adjacent sites and represent the itinerant nature
of Fermions. The second term is the Coulomb interaction energy which represents
the localised tendency of the Fermions and the third term is the chemical potential
that controls filling. For the purpose of this discussion, we focus on the situation
with there is one fermion per site - ‘half-filling’ state- as it exhibits a lot of interest-
ing phenomena (Mott insulating behavior, anti-ferromagnetic order, etc... Fig 1.6
shows a schematic illustration of the Hubbard Hamiltonian. Hence,the parameters
that determine the properties described by the Hubbard Hamiltonian is given by
U- the on-site Coulomb interaction, W- bandwidth of the electrons determined by
the hopping parameter ’t’, temperature and the doping/number of electrons.
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Fig. 1.6 A sketch of the terms in the Hubbard Hamiltonian. t is the hopping parameter
and denotes the kinetic energy and U denotes the on-site Coulomb repulsion.
Taken from Ref. [20]

The experimental study of the MIT in correlated metals has been most thor-
ough and systematic in d-electron systems, namely, the transition metal com-
pounds [21]. In particular, ruthenates have been shown to be a fertile ground for
studying MIT by band width control [22, 23] . In the most simple description
of the Mott-Hubbard model, the metal insulator transition is controlled by the
magnitude of the the Coulomb interaction U and the electron bandwidth W. The
extended d-shell of the 4d TMO’s result in weaker intra atomic Coulomb interac-
tion and this tend to drive the 4d TMO’s towards metallic states with U/W < 1. A
splitting between the lower and upper Hubbard bands increases as U/W increases
and for a half-filled band MIT occurs at U/W ≈ 1 , where a Mott-Hubbard gap
opens. See Fig 1.7

There are two routes towards Mott transition - control of electron filling/carrier
doping and bandwidth control. The former refers to doping carriers into the Mott
insulating state with integer filling resulting in a metallic state. The latter refers to
the situation where phase transition is facilitated by increasing the ratio of band-
width to Coulomb interaction thereby enhancing quantum fluctuations and stabil-
ising metallic state. Among the various TMO systems where the MIT are driven
by bandwidth control, the layered ruthenates Can+1RunO3n+1 provide unique av-
enues for controlling MIT via dimensionality control [5, 22]. The studies by Cao
et al.. showed that the MIT temperatures in the Ca compounds gets suppressed
with increasing dimensionality (TMI = 356 K) for n = 1 to (TMI = 48 K) for n = 2
to (TMI = 0 K) for n =∞ [5]. The larger radial extent of the d shells of transition
metal cations in 4d - TMO in comparison to their 3d counterparts greatly en-
hances the interaction between electron and lattice resulting in d-p hybridisation
in oxides which could lead to structural phase transitions. The strong distortions
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Chapter 1. Introduction

Fig. 1.7 Schematic illustration of energy levels for a Mott- Hubbard insulator where U,
W and ∆ represents the on-site Coulomb interaction, Bandwidth, and charge
transfer energy respectively. Double occupancy costs an energy U resulting in
splitting of the energy band into Upper and Lower Hubbard Bands. For small
intersite interaction i.e. U>W, Coulomb repulsion drives half-filled band to
insulating with lower band fully filled and upper band empty and opens up
a Mott-Hubbard gap - U, when kinetic energy dominates i.e. W>U, metal -
insulator transition is facilitated. Taken from Ref. [21]

of the RuO6 octahedra in these systems however competes with this and causes a
weakening of the overlap between the oxygen p orbitals and the t2g states of the
transition metal cation- Ru- which in turn affects the conduction bandwidth W.
The increase in dimensionality increases the d-p hybridisation and bandwidth W
correspondingly increases. However as dimensionality is increased, the electronic
structure is less sensitive to distortions. For higher dimensionality say, n = ∞,
CaRuO3 the system is metallic albeit severely distorted. Hence in these systems
there exist competition between the Coulomb interaction and bandwidth and small
perturbations, such as pressure, change in doping, alteration in crystal structure
etc... can drive the system across the metal-insulator boundary and cause signifi-
cant changes in the physical properties of the system [5, 24]. Layered ruthenium
oxides (Sr/Ca)n+1RunO3n+1 being the naturally engineered layered systems thus
provides a fertile ground to study the MIT. The bandwidth W of this system can
be well tuned by varying the dimensionality and the Sr/Ca ratio, giving rise to
the different Mott parameter U/W [25].

Crystal Field Effect
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Fig. 1.8 (a) The five fold degeneracy of the d orbitals is lifted in an octahedra crystal
field, with two eg orbitals (x2−y2 and 3z2−r2) higher in energy than the three
t2g orbitals (xy, yz, and zx). (b) RuO6 octahedra. (c) Schematic depiction
of the splitting of energy levels. As the crystal field splitting is higher than
Hund’s energy term, the electrons occupy the lower t2g states leaving the eg
states empty.Taken from Ref. [7]. Taken from Ref. [26]

The electronic state of ruthenates is determined by the formal oxidation state
of Ru4+ ions i.e. every Ru ion has four electrons in the 4d orbital. In a free
Ru ion angular quantum number l = 2 and magnetic quantum number ml =
−2,−1, 0,+1,+2, defines the five d- orbitals available that are degenerate. As
shown in Figs. 1.4 and 1.8, the transition metal (Ru) within an oxygen octahedron
is surrounded by six oxygen atoms, whose electrostatic field (ligand field) lifts the
degeneracy of the d-states of the Ru-ion.

The crystal field effect originates from the electronic repulsion between the
negatively charged electrons of the d-orbitals of the transition metal cations and
the p-orbitals from oxygen ligands. In the presence of the cubic crystal field, the
above mention degeneracy is lifted. The electrons in a d-orbital that is closer to
the oxygen ligands experience larger repulsion due to larger overlap between the
p and d orbitals and hence have higher energy than those further away. The d-
orbitals thus split in energy with three fold degenerate t2g orbitals (consisting of
dxy/xz/yz states) and two fold degenerate eg orbitals ( comprising dx2−y2 and d3z2−r2

states) as shown in Fig 1.8.
The energy difference between the lower lying t2g states and the upper eg states

have been determined from band structure calculations to be around ∆ = 10Dq = 4
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Chapter 1. Introduction

eV in ruthenates [7]. Due to the deformation of the Ru octahedra, the crystal field
is no longer cubic but has a tetragonal or even lower symmetry resulting in a
further lifting of degeneracy within the t2g and eg states with the tetragonal field
splitting within the t2g levels of the order of 100 meV. Furthermore, the orthorhom-
bic distortion of the RuO6 octahedra, reduces the crystal symmetry and adds an
additional small splitting of the xz and yz orbitals. However, the orthorhombic
splitting is assumed to be relatively small, so the xz and yz states are often treated
as degenerate [27–29]. In the RP series of ruthenates, the larger crystal field effect
(~4 eV) surpasses the Hund’s coupling (~1 eV). Hund’s Rule dictates the filling
of electrons in such a way that total spin at Ru- site is maximised. Thus, the
(EH < ∆CF ) makes it favorable for the electrons to occupy the lower t2g states
with two electrons of opposite spin occupying the same orbital than overcoming
the eg - t2g splitting ∆. This results in a low spin state with a total spin of S = 1
with all four electrons occupying the t2g -orbitals, leaving the eg - states empty.
When there is an orbital degeneracy in a system resulting from crystal field split-
ting, a Jahn Teller (JT) local site distortion mechanism removes this degeneracy
in order to stabilise the electronic configuration. However in the crystal, this local
site distortion is opposed by forces that favors higher symmetry. Hence these type
of distortions only occur at low enough temperatures where this effect is stronger
such that the cooperative JT distortions can reduce the opposing elastic forces.
When the orbital angular momentum is not quenched, long-range magnetic or-
der can give rise to a cooperative JT distortion through the spin–orbit coupling
λL·S [30]. These cooperative JT distortions leads to an additional distortion that
is superimposed on any distortion introduced by cooperative rotations of the MO6

octahedra, where M is the transition metal ion. The orbital angular momentum is
not quenched in the Ru4+ ions for uncompressed cubic RuO6 octahedral configu-
ration which leads to a competition between the c-axis compressive and expansive
distortions of the RuO6 octahedra that tends to maximise and quench the orbital
momentum respectively [7]. A combined XAS and spin resolved ARPES study Mi-
zokawa et al.. in the ruthenate compound Ca2RuO4 demonstrated the interplay
between spin and orbital degrees of freedom and showed the presence of strong
spin orbit coupling that induces the substantial orbital angular momentum in the
Ru 4d t2g band [31].

Spin Orbit Coupling

Spin–Orbit coupling (SOC) plays a very important role in solids. The influ-
ence of SOC is determined by the ratio of the coupling (and the splitting produced
by it) to the crystal field splitting. However in most of the 4d compounds, the
strength of the crystal field splitting that causes the split between t2g and eg levels
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is stronger than the spin orbit coupling - λ [32]. Although the cubic crystal field
splitting is bigger than λ, the effect of Jahn Teller distortions discussed earlier,
could induce further splitting in the d- levels which are comparable to splitting
due to spin orbit coupling. Due to quenching of angular momentum in eg states
the effect of SO coupling is absent in these states in first order [32]. However
in the half filled t2g states, SO interaction plays an important role. The net or-
bital moment is non zero in the t2g states resulting in SO coupling leading to
splitting of these levels. In the low spin more than half filled case of Ru4+(d4),
a rather non trivial situation can exist. For such an ion the possible multiplets
formed by SO coupling will have total angular momentum J given by JJJ = 0, 1, 2
which implies that the ground state is a nonmagnetic singlet. However this is in
direct contradiction to experimental results where most materials containg Ru4+

are magnetic [33]. This is because in such materials the crystal field is lower in
symmetry than the ideal cubic field which induces a further splitting of the t2g
states. In the presence of a tetragonal distortion resulting in the contraction of
RuO6 octahedra, the energy levels split with dxy as the lowest lying site that is
doubly occupied and the higher lying states of dxz/yz would be singly occupied
resulting in the total angular momentum to be zero. This state would thus have
SSS = 1 and would be magnetic if the tetragonal field splitting is larger than the SO
coupling. Magnetically ordered states can also be realised in concentrated systems
with strong exchange interactions between neighbouring Ru-ions and this effect is
larger than the SO coupling. This is what happens in the case of Ca2RuO4, where
the superexchange (SE) interaction occurs through band overlap of the oxygen
and Ru atoms. The strength of the interaction is set by Jex = 4t2/U where the
hopping term t determine the band overlap and Coulomb term U supresses the
interaction of the neighbouring ions [34]. In Mott insulators like Ca2RuO4 with
van Vleck type TM ions- Ru4+, a low spin state SSS = 1 is realised, as discussed
earlier, due to moderate Hund’s coupling and moderately strong SOC resulting in
splitting of λ between J = 0 singlet and J = 1 triplet state. The singlet-triplet
splitting λ in these materials are comparable to the SE Jex energy terms (of the
order of 100meV) resulting in conventional Bose condensation of van Vleck ex-
citons into a magnetic state and is similar to van-Vleck-type mechanism, where
a non-magnetic ground state becomes magnetic due to an admixture of excited
states in an external magnetic field [34]. The studies by Khailullin [35] showed that
in perovskites this could possibly results in the emergence of excitonic magnetic
order, magnons, and the so called amplitude (’Higgs’) modes. Recent inelastic x
- ray scattering studies and Raman scattering studies have shown the existence
of Higgs mode in Ca2RuO4 thus providing considerable evidence for an excitonic
magnetism in Ca2RuO4 [36, 37]. In this thesis, using RIXS at the oxygen K -edge
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we provide experimental evidence for a series of excitations at energies 0.08 eV, 0.4
eV, 1.3 eV and 2.2 eV. Solving the Hamiltonian in the spin triplet subspace showed
that the lowest energy levels are composed of 9 spin orbit entangled states grouped
into two distinct blocks dubbed α and β ( Refer Chapter 3 for more details ). In
this context, in the d4 subspace with one doubly occupied orbital, singlet/triplet
refers to the spin singlet/spin triplet states i.e the electrons in the doubly occupied
orbital form a spin singlet while the other two electrons can be in a spin singlet
or triplet state. The low energy excitation at 0.08 eV corresponds to transitions
within the α manifold at Ru- site. The 0.4 eV excitation corresponds to transitions
between the α and β sectors driven by spin orbit coupling and crystal field effects.
The higher energy excitations are the Hund’s driven singlet to triplet transitions
at single Ru or two neighbouring Ru sites.

1.1 General overview of Layered Ruthenates
Fig 1.9 taken from Ref. [5] summarises the manifold of magnetic, structural and
conductive phases observed in (Ca, Sr)n+1RunO3n+1.

1.1.1 Infinite Layered compounds

Isostructural and isoelectronic CaRuO3 and SrRuO3 are n = ∞ members (n =
number of Ru–O layers/unit cell) of the Ruddlesden–Popper (RP) series. Even-
though both compounds are orthorhombic, SrRuO3 has a less distorted perovskite
structure compared to CaRuO3. As discussed before, due to the larger crystal
field effect in these materials, Hund’s rule partially breaks down resulting in a low
spin state with S = 1. Due to the smaller ionic size of Ca2+ in comparison to
Sr2+ the rotation of RuO6 octahedra is twice as large in CaRuO3 than in its Sr
counterpart, making CaRuO3 less favorable for ferromagnetism due to a weaker
exchange interaction J [38].

Although the isostructural SrRuO3 is extensively studied and has a ferromag-
netic ground state with a Curie temperature of Tc = 160 K, the nature of the
ground state properties in CaRuO3 still remains enigmatic with reports suggest-
ing contrasting scenarios that the system is a strongly enhanced paramagnet or an
ordered material with short range magnetic interactions-possibly spin glass like be-
haviour [39–42]. CaRuO3 shows deviation from FL behaviour where a T 1.5 power
law dependence on resistivity was observed in the 1.7 K < T < 24 K temperature
range [38]. A comprehensive magnetic, calorimetric and electric transport prop-
erty measurements on CaRuO3 by Cao et al.. [38] showed a divergent specific heat
[C/T ∼ −log(T )] followed by a Schottky anomaly with decreasing T , and unusual
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1.1. General overview of Layered Ruthenates

Fig. 1.9 A general phase diagram of n = 1, 2, 3,∞members of the (Sr, Ca)n+1RunO3n+1
series summarising the wide and complex array of magnetic phases. Taken from
Ref. [5]

power law in resistivity and diverging magnetic susceptibility at low temperatures
- thus ascribing the non Fermi liquid behaviour of the system to its proximity
to a magnetic instability, making it an outstanding model system for studies of
quantum criticality in the ruthenates [38].

SrRuO3 is ferromagnetic below the transition temperature Tc = 160 K with
magnetic moment of 1.4µB at T = 0 K, rare for a 4d transition metal oxide [43].
SrRuO3 is a Fermi liquid at low temperatures confirmed by T 2 scattering rates and
Shubnikov oscillation measurements [44]. At higher temperatures, infrared con-
ductivity measurements have shown an anomalous frequency dependence, leading
to the proposal of a non-Fermi liquid metallic state [45]. High resolution ARPES
measurements of the Fermi surface in the ferromagnetic (FM) state have shown
the presence of Landau quasiparticles [46]. The presence of a kink in the quasipar-
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Fig. 1.10 A comparison of a-axis resistivity ρa of CaRuO3 and SrRuO3 as a function
of T 3/2 and T 2. Taken from Ref. [38]

ticle dispersion implied the role of strong electron-boson interactions that influence
the effective electron masses thus explaining the large effective masses observed
by transport and thermodynamic measurements in SrRuO3. Experimental results
with first principle calculations suggested the existence of magnetic monopoles in
this material [47]. Studies by Verissimo et al.. supported the existence of spin
polarised 2D electron gas in (SrTiO3)5/(SrRuO3)1 superlattices. [48] SrRuO3 is
a quite sought after material in oxide electronics due to its metallicity, magnetic
properties and lattice match to other oxides [46]. Despite extensive studies, a com-
prehensive understanding of CaRuO3 and SrRuO3 is still lacking and challenges
remain [49].

1.1.2 Single Layered Ruthenates

Single layered ruthenates Ca2RuO4 and Sr2RuO4 display a wealth of intriguing
properties like Mott metal insulator transition [50, 51], unconventional supercon-
ductivity [9, 10], Hund’s coupling physics [52] to name a few. As discussed before,
electronically these ruthenates are characterized by the 4d−t42g configuration. Due
to the layered structure, the xz and yz bands are almost one dimensional, while
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1.1. General overview of Layered Ruthenates

Fig. 1.11 (a) Schematic illustration of the Fermi surface of Sr2RuO4. (b) Calculated
LDA band structure.(c)Fermi surface measured with ARPES. Taken from
References [53, 57, 59]

the xy band is two dimensional like. As a result, the xy bandwidth Wxy is about
double the bandwidth of the xz/yz bands and these layered ruthenates are consid-
ered as strongly correlated systems [53].
Sr2RuO4 has teteragonal symmetry, is metallic below TFL = 30 K and undergoes
superconducting transition at 1.5 K [10]. The nature of the superconducting state
is still a highly debated topic- it was initially proposed to be spin triplet type [54]
- chiral p - wave [55] - however this interpretation does not perfectly explain all
experiments so far [53]. The general consensus is that the enhancement of spin-
orbit coupling (SOC) at the Fermi surface (FS) plays an important role in the
superconductivity of Sr2RuO4 [53, 56]. The FS of Sr2RuO4 has been extensively
studied using ARPES [57] and deHaas van Alphen measurements [58]. The FS
comprises of two sheets dubbed α and β arising from the one dimensional xz/yz
bands and sheet named γ from the 2D like xy band [53]. See Fig 1.11

With the isovalent substitution of Sr with Ca the symmetry of the crystal
structure is lowered from the tetragonal I4/mmm to the orthorhombic Pbca space
group. This material is strongly distorted with a combined rotation,and tilt of
the RuO6 octahedra. The stoichiometric compound Ca2RuO4 is a Mott insulator
at low temperature and it turns metallic above 360 K [7]. Ca2RuO4 undergo
AFM ordering below the Néel temperature TN = 110 K. Raman and Inelastic
Neutron scattering experiments in the insulating phase revealed anti ferromagnetic
order with an unconventional excitation spectrum composed of soft longitudinal
Higgs mode and transverse magnons with large gap [36, 37, 53, 60, 61]. All these
phenomena raise new questions on the electronic properties of ruthenates.

Although the mechanism behind rendering the 2/3 filled t2g bands insulating
has been credited to Mott type physics, the nature of Mott transition in Ca2RuO4

has been a subject of debate for decades. Different scenarios have been proposed for
the orbital occupancy and no consensus has been reached on this. Here, we present
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XAS and RIXS results in conjunction with theoretical calculations and show that
Ca2RuO4 is a band Mott insulator characterised by orbitally selective coexistence
of band and Mott gap. The crystal field drives the dxy band insulating while mott
physics happen in the dxz/yz bands. In this section, Sr2RuO4 is discussed primarily;
for a detailed description of the various properties of Ca2RuO4 refer Section 3.1

1.1.3 Bilayer Ruthenates
The bilayer ruthenate metal Sr3Ru2O7 belongs to an I4/mmm space group and
exhibits behavior consistent with proximity to a metamagnetic (i.e., magnetic
field–tuned) quantum critical point. This system thus serve as a prime candi-
date to study quantum critical end point (QCP) and provide new vistas to learn
more about experimental precision of field-tuned studies [62]. Metamagnetism is
defined as a very rapid increase of magnetization, M, over a narrow region of ap-
plied field, H. Although, metamagnetism is the result of “spin-flop” or “spin-flip”
spin reorientation processes in localized systems, it may also occur in itinerant
systems, even those which are nonmagnetic at H = 0 [62]. Studies done by Grig-
era et al.. showed the presence of metamagnetism in Sr3Ru2O7 for magnetic fields
oriented both in the ab plane and along the c axis [62]. For B ‖ ab, the transition
occurs between 5 and 6 T, and for B ‖ c, transition occurs at approximately 7.8
T. The resistivity data is analysed with the general expression ρ(T ) = ρres +ATα,
where ρres is the resistivity due to elastic scattering at T = 0 and A is a tempera-
ture - independent coefficient related to a quasi - particle effective mass, and the
exponent α contains valuable information about the nature of the metallic state-
with Fermi liquid states characterised by the parameter value α = 2 and the non
Fermi liquids by α < 2 [62]. Fig 1.12 shows the evolution of the α parameter.
In the field-temperature contour plot, α = 2 at low fields, reaches a value close
to 1 near the metamagnetic field, and then grows again as the field is increased
further [62]. Neutron Scattering experiments by Lester et al.. [63] have shown that
the application of field can induce spin density wave (SDW) order in this system
which correlates strongly with the electronic nematic properties of the compound.
The SDW order thus provides a natural order parameter to associate with the
quantum criticality and provides a basis for understanding the associated physical
properties [63].
Ca3Ru2O7 has a non centrosymmetric crystal structure belonging to the space
group Bb21m (#36 ) and is one of the most versatile systems exhibiting a vast
array of correlated phases of TMO. It exhibits high sensitivity to impurities exem-
plified by Mott-type transition with even 0.3% Ti - doping [64], a metamagnetic
transition, colossal magnetoresistance and quantum oscillations in the resistiv-
ity [65, 66]. A detailed description of the electronic and physical properties of
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Fig. 1.12 (a) A color plot that shows the evolution of the exponent α from the expres-
sion ρ(T ) = ρres+ATα as a funtion of field and temperature in Sr3Ru2O7. A
quadratic T dependence seen at low fields evident from the value of α point
towards the expected FL behaviour below 10 K. Near the metamagnetic tran-
sition at 7.8 T, a power close to 1 is seen that persists down to 4.5 K, and rise
again with increase in field. (b) Residual resistivity and temperature-scaling
factor A diverge at 7.9T metamagnetic field. Taken from Ref. [62, 63]

Ca3Ru2O7 is discussed in Section 4.1.
At high temperature Ca3Ru2O7 is a paramagnetic metal (PM-M) and undergoes
AFM ordering below TN = 56 K. In this state, the Ru4+ spins are aligned fer-
romagnetically within each bilayer but the net moment cancels due to the AFM
stacking of the bilayers. At TMIT = 48 K the system goes through a metal to
semimetal like transition and is associated with changes in lattice parameters. Si-
multaneously, an iso-structural transition leads to a compression of the unit cell
along the c-direction [67].
In the semimetallic magnetic phase there have been observations of quantum oscil-
lations indicating the presence of small electron pockets in the Fermi surface, which
were subsequently found by ARPES measurements [15, 66, 68, 69]. ARPES mea-
surements by Horio et al.. showed a rotation symmetry broken Dirac semi metal
state in Ca3Ru2O7 which emerges in a two stage FS reconstruction. The Fermi
suface was observed to be anisotropic, with small electron like pockets formed by
massive Dirac Fermions in the short-axis orthorhombic zone boundary and along
the long axis hole like Dirac cone resulted in a boomerang shaped Fermi sur-
face [14]. See Fig. 1.13 Panel (b).
Recent small angle neutron scattering (SANS) studies on Ca3Ru2O7 showed the
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Fig. 1.13 Ca3Ru2O7: (a) Field dependence of resistivity for applied current along a and
c- axis with red, blue and black plots showing the orientation of the magnetic
field applied (parallel to a, b and c- axis respectively) at 0.6K. (b) FS maps
obtained at 16K that shows a small electron like Fermi pocket around the
short-axis orthorhombic zone boundary point and boomerang-like features
near long axis orthorhombic zone boundary point.(c) Pictorial illustration of
the propogating 1D- metamagnetic texture along a-axis in Ca3Ru2O7 with
field along b-axis resulting in the oscillation of the spin configuration from
FM to AFM and back to FM. Taken from References. [13–15]

presence of a spirally modulated magnetic order- termed metamagnetic texture-
a field driven spin state with coexisting spin orders of differnt symmetries-AFM
and FM. [13] Under applied magnetic field the system also showed colossal magne-
toresistance (CMR) that occurs upon suppression of the spin-polarized FM state
which was achieved by applying a magnetic field perpendicular to the easy mag-
netization axis [15, 70]. Transport and thermodynamic experiments by Cao et al..
on this system at high fields revealed highly anisotropic behaviour that depends
strongly on the magnitude and the direction of the applied magnetic field. Such
an anisotropic coupling is attributed to the interplay between the lattice, spin and
orbital degrees of freedom [15].

For an applied field B ‖ a- axis a fully polarised spin state via metamagnetic
transition was observed at 6T, while B ‖ c - axis resulted in colossal magnetore-
sistance and for B ‖ b - axis quantum oscillations could be observed. [15] Further
more, Density functional calculations of the fermiology and magnetic properties
of Ca3Ru2O7 revealed an unusual bulk spin valve state. Spinvalve effects are
usually only observed in thin film systems, in which FM layers alternate with
non-magnetic buffer layers — a natural property of the layered Ca3Ru2O7 system
where the ground state consists of nearly half-metallic bilayers stacked antiferro-
magnetically with a weak coupling where the out of plane transport is very strongly
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suppressed by the antiferromagnetic alignment, which can be destroyed in favor of
ferromagnetism at low energy cost [71].

The enigmatic "semimetallic" like phase in Ca3Ru2O7 and the close proxim-
ity of Ca3Ru2O7 to Mott insulating state with extreme sensitivity to impurities
makes it an ideal system to study the interplay between correlated metal physics
associated with the Fermi surface and Mott physics associated with Coulomb re-
pulsions and orbital physics [64]. The contradictory results from quantum oscil-
lations and ARPES pointing towards the presence of small Fermi surface pockets
and boomerang like arcs in the FS respectively [66, 72, 73] suggests that the elec-
tronic structure of Ca3Ru2O7 and the symmetry breaking remain unsettled. In
the recent transport measurements by Xing et al.. [72], an anisotropy in ther-
mopower pointed towards evidence for existence of both electron like and hole
like pockets in the FS. The ARPES studies by Horio et al.. [14] also observed the
anisotropic FS, discussed earlier and showed that the system reconstructs from a
strongly correlated metal into a C2 - symmetric Dirac semimetal. Although this
provided a reconciliation between the hitherto incompatible scenarios proposed
by the ARPES, QO and transport measurements, the ordered state that energeti-
cally favors the C2 - symmetric Dirac semimetal still remains elusive. In the second
part of this thesis, we investigate the bilayer ruthenate- Ca3Ru2O7 with magne-
totransport measurements- to reveal its electronic structure and properties. The
characteristic temperature scales identified are linked to the various reconstruc-
tions of the low energy electronic structure. An analysis scheme is formulated to
model the observed magnetoresistance (MR) with two-band model for conductiv-
ity and is shown that the model works in the low field low temperature regime
prior to reconstructions in the Fermi surface.
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Chapter 2

Experimental Techniques

This chapter discusses the various experimental techniques that have been utilised
in the studies presented in this thesis work. Here, a detailed description of the
spectroscopy techniques used- namely x - ray absorption spectroscopy (XAS) and
resonant inelastic xray scattering (RIXS), is given. Bulk measurements such as
resistivity and Hall measurements, thermoelectricity, and magnetization that were
used in studying the physical properties of the systems described in this work
are presented here as well. A brief account of the home built thermoelectric set
up for measuring Seebeck, Nernst and Thermal Hall effect is given. The sample
preparation and characterisation using Laue diffraction and Detwinning is also
briefly discussed.

2.1 Spectroscopy Techniques

2.1.1 XAS

XAS is an element - selective probe that consists of irradiating the sample with
monochromatic x - rays and measuring the x - ray absorption versus x - ray energy.
It by definition measures the exponential decay of a beam of photons of a given
energy through a sample given by Beer’s Law [74, 75]

It(t) = I0e
−µ(E)t (2.1)

where It is the transmitted intensity and µ(E) is the energy dependent x - ray

absorption coefficient.(See Fig 2.1). µ(E) varies approximately as µ(E) ∼ dZ4

mE3 ,
where d is the density of the target, m and Z are the atomic mass and number
respectively. When the sample absorbs the incoming photon, depending on its
energy, it can promote the system to an excited state or results in a photoelectron
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Fig. 2.1 Schematic of incident and transmitted x - ray beam. (b) absorption coefficient
µ(E) versus photon energy E around an absorption edge. Taken from Ref. [74]

that is promoted to a free or continuum state which then propagates within the
material and is scattered by the atoms near the absorber. Accordingly, the various
regions of the spectrum (pre-edge, near edge or far from edge) contain information
about the coordination geometry, oxidation state, and bond lengths of the absorb-
ing atom. XAS encompasses x - ray absorption near edge structure (XANES) and
the extended x - ray absorption fine structure (EXAFS). XANES(It is the part
of the XAS spectrum developing in the range of few tens of eV around the edge.)
provides more details about the electronic density of states and the coordination
symmetry, while EXAFS (This region shows a slow decrease in the absorption rate
versus energy, but with superimposed oscillating structures) enlightens about the
radial distribution function of the surrounding atoms and their order/disorder [75].

The specific energy values at which there is sudden increase in the absorption
probability, that depends mainly on the atomic number of the absorbing atom, is
called an edge. As the spectra is governed by dipole selection rules, by varying
the photon energy a spectrum is obtained that is proportional to an average of
site-specific, unoccupied symmetry selected density of states (DOS) [75]. When
the incoming photon energy is tuned to the 1s binding energy of an atom the
spectrum will exhibit a discontinuity called the “K - edge” created by excitations
from the 1s state to unoccupied p-states in the conduction bands. Similarly, The
absorption discontinuity is known as an "L - edge" when the ionization is from a
2s or 2p electron. The Fig 2.2 shows an energy level diagram and the energies
of various absorption edges. In our study we have used the oxygen K - edge XAS
where the incoming x - ray energy around 530 eV results in the excitation of an
oxygen 1s core electron to an empty 2p state.

Different techniques are employed to measure the XAS spectra which includes
transmission detection, Fluorescence yield, electron yield and ion yield detection. x
- ray transmission is the most direct technique to measure an oxygen K - edge XAS
spectrum and it allows the quantitative detection of the x - ray absorption cross
section. Thin samples are needed in this mode of detection as the attenuation of
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Fig. 2.2 (a) An example of an energy level diagram for L - edge transitions (2s and 2p
to 3d) and K - edge transitions (1s to 3d and 4p) for Mn(II) system. Taken
from Ref. [76] (b) Energies of different x - ray absorption edges as a function
of atomic number Z. Taken from Ref. [77]

530 eV x - rays is only 100 nm at the oxygen K - edge of solid oxides. This makes
a transmission measurement quantitatively correct for samples of homogeneous
thickness [78]. The other detection methods are based on decay channels of the
core-hole. After a short time of the order of 10−15 s, the core-hole is filled by
an electron from a higher energy state. The corresponding energy difference is
released mainly via fluorescence x - ray or Auger electron emission. Fluorescence
yield measures the amount of x - rays that are emitted. Auger process results in the
emission of electrons and the electron yield technique measures the total number of
emitted electrons. In Fluorescence Yield Detection technique, the energy emitted
as an x - ray when a core-hole is filled with an electron from another shell is
measured. Detecting the fluorescent x - rays after radiative core-hole decay can
yield a method that is proportional to the XAS spectral shape. In total fluorescence
yield (TFY) detection, all emitted x - ray photons, from all elements present in the
sample are detected [78]. In our experiment we have utilised the TFY detection
technique. In total electron yield (TEY), electrons that escape from the sample are
detected in electron analyzers. This can include the integrated signal from energy
dispersive detectors or, in the case of conductive samples, the current measurement
to the sample. The penetration depth of x - ray photons is larger than the escape
depth of electrons, hence the TEY technique is more surface sensitive than the
TFY. [78, 79]. Most XAS experiments are performed at synchrotron sources due
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to the requirement of high x - ray intensities and a continuous energy spectrum.
The results presented in this thesis were carried out at the ADRESS beamline at
the Swiss Light Source (SLS).

2.1.2 RIXS
XAS is the first step of the RIXS process. As discussed above, a common way to
measure XAS is to study the decay products of the core hole that the x - ray has
created, either by measuring the electron yield from a variety of Auger and higher -
order processes or by measuring the radiative decay (fluorescence yield). The TFY
corresponds approximately to the integration of all possible RIXS processes [77].
The decay of the final excited state by either emitting a photon or an electron could
be recorded by utilising x - ray emission spectroscopy (XES) by an instrument with
bandwidth of the order of the core hole life time broadening. The decay could be
a multistep process with various intermediate steps. XES is hence a second order
process which includes resonant inelastic scattering [75].

RIXS is a photon in- photon out process where the incoming photon energy
is tuned to resonate with absorption edges. The resonance can greatly enhance
the inelastic scattering cross section, and provides a unique way to probe charge,
magnetic, and orbital degrees of freedom on selected atomic species in a crystal.
This technique can measure the energy, momentum, and polarization change of
both incident and scattered photons. Since the changes in energy, momentum, and
polarization of the photon are transferred to intrinsic excitations of the material
under study, RIXS provides information about those excitations [77].

The incoming photon energy of the x - rays are tuned to resonate with the
absorption edges of the absorbing atom. For example, in a copper oxide material
the incoming photon is chosen so that it resonates with the copper K, L, or M
absorption edges. The copper K - edge transition 1s→ 4p is around 9000 eV and
in the hard x - ray regime. The L2,3 edge 2p → 3d (∼ 900) eV and M2,3 edge
3p → 3d (∼ 80 ) eV are soft x - ray transitions. Alternatively, by tuning to the
oxygen K edge, an electron is promoted from O 1s to an empty 2p valence state,
which takes around ∼ 500 eV.

After absorbing xray photon, the system is in a highly energetic, unstable
intermediate state with a hole deep in the electronic core. It quickly decays,
typically within 1− 2 fs, in a number of ways, for example, via an Auger process,
where an electron fills the core hole while simultaneously emitting another electron.
This is a nonradiative decay channel and is not relevant for RIXS. RIXS process
is instead governed by fluorescent decay, in which the empty core state is filled by
an electron with the simultaneous emission of a photon. There are two different
scattering mechanisms by which the energy and momentum of the emitted photon
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Fig. 2.3 Schematic representation of a direct RIXS process. The incoming x rays excite
an electron from a deep-lying core level into the empty valence band. The
empty core state is then filled by an electron from the occupied states under
the emission of an x ray. Taken from Ref. [77]

can change from the incident one- namely the direct RIXS process and indirect
RIXS process. For the purpose of this study we utilise the direct RIXS process,
where the incoming photon promotes a core electron to an empty valence band
state with the subsequent decay of an electron from a different state in the valence
band and annihilation of the core hole. Fig 2.3 shows the direct RIXS process. As
an electron was created in an empty valence band state and a hole in the filled
valence band, final state is an electron-hole excitation,which propagate through
the material, carrying momentum ~(k′ − k) and energy ~(ωk−ωk′) where ~k(~k′)
and ~ωk(~ωk′) are the momentum and energy of the incoming(outgoing) photon
respectively. These transitions in the K edge of oxygen, for instance, involves
an initial dipolar transition from core to valence state of 1s → 2p followed by a
succeeding transition from conduction state to fill the core hole by the decay of
another electron in the 2p band from 2p → 1s. RIXS is thus an effective direct
probe of the valence and conduction states.

RIXS is also an effective probe for studying and understanding a variety of
intrinsic excitations in the system as the incoming photon transfers momentum
and energy to the material under study. An example of various excitations that
can be studied using the method is shown in Fig 2.4 [77]. A very broad class of
excitations can be studied including plasmons, charge transfer excitations, crystal-
field and orbital excitations, magnons and phonons.
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Fig. 2.4 . Elementary excitation spectrum in solids can range from plasmons and
charge-transfer excitations at energies of a few eV, down to phonons at the
meV scale. RIXS is a useful probe in studying the dispersion of these exci-
tations as the impinging photon transfers both momentum and energy to the
sample under consideration.Taken from Ref. [77].

2.1.3 RIXS Instrumentation

A RIXS instrument can be divided into two parts, the beam line and the spectrom-
eter. The beam line provides a well-collimated, highly monochromatic, focused,
beam onto the sample. The spectrometer, which must provide the sample environ-
ment, manipulate the scattering angles to vary the momentum transfer, collects
the scattered radiation over an appropriate solid angle, and analyze the energies
of scattered radiation. Hard x - ray instruments are built around Bragg crystal
optics to achieve the required very high-energy resolution and uses the highly or-
dered crystalline lattice of Si or Ge that is comparable to the x - ray wavelengths
used. For soft x - ray regime, where the long wavelengths prohibit the use of
crystal optics, artificial periodic structures such as diffraction gratings are used.
The lined gratings act as a series of slits and the light diffracts from these. The
resolution is determined by the number of lines per millimeter. Here we discuss
the instrument at the Swiss Light Source. It consists of a beam line, known as
ADRESS ( Advanced Resonant Spectroscopies), and a spectrometer, known as
SAXES (SuperAdvanced x - ray Emission Spectrometer). The beam line utilises
a plane grating monochromator (PGM) diffraction grating with a line spacing of
up to 4200 mm−1, together with collimating mirrors operating in the energy range
300 − 1600 eV. The beamline delivers a high flux > 1013 photons/second within
0.01 % bandwidth at 1 keV photon energy. The energy resolution is extremely
good, with a resolving power of over 33000 at 1 keV (i.e., an energy resolution of
33 meV) [77, 80, 81].
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Fig. 2.5 Schematic view of a conventional RIXS detection scheme using a reflective
grating with varying line spacing (VLS). Taken from Ref. [82]

The optical scheme of SAXES spectrometer is based on spherical variable line
space (VLS) grating which collects the scattered radiation and disperses it onto a
charge coupled device (CCD) camera(See Fig 2.5).

The overall energy resolution of the instrument is largely determined by the
line spacing of the grating and the spatial resolution of the CCD camera. SAXES
uses 2 different gratings, groove density of a0 = 3200 lines/ mm optimized for
high-resolution measurements around 930 eV (Cu L3 edge) and another groove
density of a0 = 1500 lines/ mm to cover energies from the Nitrogen K - edge at
400 eV through the Fe L3 at 720 eV, and deliver an energy resolution, E/∆E
above 10,000 at the O K edge at 530 eV [83]. The dispersed light is then allowed
to propagate in vacuum until it is incident on the CCD camera. SAXES utilises
a high resolution electron multiplying charge coupled device (EM-CCD) camera
for RIXS. The detector system comprises of three horizontally arranged chips with
1608 × 1632 pixels each with pixel size of 16µm × 16µm [82]. The advantage
of using three chips next to each other is better statistics and therefore reduced
acquisition time. Due to charge leakage between between neighboring pixels, single
photon signal will appear to be observed by several pixels. The camera is therefore
operated at a grazing incidence 20° to match the effective pixel size to the charge
distribution caused by a single photon and reduce the effective pixel size. [77, 80].
This in combination with a single photon counting algorithm further reduces the
effective pixel size to about 1.37 µm [82] The whole spectrometer (grating plus
CCD) is then mounted on a large (5 m) girder, and the whole girder is able to
rotate in the horizontal plane about the sample position which allows for varying
the scattering angle of incoming and outgoing photons between 25°−130° thereby
facilitating the study of the dispersion of low-energy excitations as a function of
momentum transfer [77] (See Fig 2.6).

Fig 2.7 shows an example of RIXS spectrum on Ca2RuO4 sample recorded by
the detector at the high resolution ADRESS beamline of the Swiss Light Source,
which operates in the soft x - ray energy range and employs plane diffraction
gratings.

In the spectrum recorded by the detector, each channel corresponds to a specific
photon energy and the difference between two neighbouring channels in the oxygen
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Fig. 2.6 Simplified drawing of the SAXES. The sample is at the right side. The whole
spectrometer is supported by a single steel girder which can rotate around a
vertical axis passing on the sample allowing for the study of transferred photon
momentum dependent RIXS spectra.Taken from Ref. [80]

Fig. 2.7 (a)Example of a Raw RIXS spectrum taken on Ca2RuO4 sample detected by
the CCD camera. Intensity recorded as a function of vertical pixel.The inset
shows a zoom-in near the elastic region.(b) The elastic line is fitted with a Voigt
function(shown in red) and the exact position of the elastic line is determined.
(c) The pixels are converted to energy(In our experiment energy of the pixel
is around 45 meV) and the elastic line is shifted to match the zero energy-loss
position.

K - edge measurements presented in this thesis is equal to 45 meV. For elastic
events, the value of the incoming photon energy is the upper limit for the detected
energies. The first sharp feature from the high energy side is attributed to the
elastic peak ~ωin = ~ωout. Here, the high energy side corresponds to higher pixel
number. The elastic peak can therefore be used to set the zero energy loss in
the spectrum. If the elastic peak on the sample is suppressed or there are low
energy excitations partially or totally covering it, it is useful to take a reference on
amorphous carbon (it is sufficient to apply some carbon tape next to the sample,
at approximately the same height as the sample surface) as the width of the elastic
signal recorded on the carbon tape is not affected by low energy features [79].
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Fig. 2.8 The experimental geometry used in the measurements. For more details specific
to the sample studied, refer Fig 3.4. The incoming beam makes an angle
θi with the c-axis and the outgoing beam is collected at an angle θo. The
scattering angle 2θ is fixed. δ is the angle between c- axis and total momentum
transferred. The projection of q onto the sample ab - plane, q‖ is marked in
red. δ can be varied by rotating the sample around an axis perpendicular or
parallel to the scattering plane, thereby facilitating the measurement of inplane
momentum dispersion in the 2D reciprocal space. The conventions used are
adapted from [85]

Fig 2.8 shows a typical experimental geomtery for RIXS measurements dis-
cussed in this thesis. For a detailed discussion of the measurement layout, refer
Section 3.4. The conventions used have been adopted from References [84, 85]. In
the experiments shown in this thesis, the in-plane momentum dispersion is mea-
sured along the Ru-O instead of the Ru-Ru direction. Therefore the reciprocal
space is indexed by q = haT + kaT + lc, where aT and bT are the reciprocal
lattice vectors pointing along the in-plane Ru-O bond as in tetragonal convention.
The lattice parameters in real space are then aT ≈ bT ≈

√
a2 + b2/2 [86]

The incoming beam impinges on the sample at an angle θi and the outgoing
beam makes an angle θ0 with the c - axis. For the study of a two - dimensional
system, the scattering angle 2θ is fixed, and the incident angle can be varied by
rotating the sample holder. For our measurements a scattering angle 2θ = 130°
has been used. The angle δ is defined as the angle between total transferred
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momentum qtot and c - axis. The momentum of the photon k is determined by
the radiation used. Even though the scattering angle is fixed, changing the angle δ
by changing the incidence angle allows to vary the in - plane momentum transfer
q‖ by rotating the sample around an axis perpendicular to the scattering plane,
allowing to measure dispersing features. With this notation, the projection of
the total momentum transferred onto the ab plane is q‖ = 2k sin(θ) sin(δ), where
k = kin ≈ kout. Specular condition would require the angle δ = 0 and q‖ in this
case would be zero and the excitation at the center of the Brilluoin Zone can be
studied. In this way, by varying the angle δ, the evolution of a given excitation
along a chosen direction of the square 2D Brillouin zone (BZ) can be studied.

The main limitation of RIXS is the energy resolution, which is determined
by both the availability of tunable photon sources that provide a high enough
photon flux and the availability of the instrumentation to resolve the energy of
scattered photons. In addition, for soft x - ray RIXS, the reciprocal space that
can be measured is usually limited to the first Brillouin zone due to the scattering
geometry. However, the RIXS resolution has improved considerably over the years
and currently a resolution of ∼ 35 meV at Cu L3 edge can be achieved at several
state-of-the-art beamlines including the ID32 at the ESRF, I21 at Diamond light
source , the SIX at NSLSII, and the European Synchrotron Radiation Facility
(ESRF) [87].

2.2 Transport Measurements

2.2.1 Resistivity and Hall measurements

The momentum of a free electron is related to the wave vector [88] k by

mv = ~k (2.2)

The force F experienced by an electron of charge −e in an electric field E and
magnetic field B is given by

F = m
dv
dt

= ~
dk
dt

= −e (E + v×B) (2.3)

At a constant applied electric field that acts for a time interval t and zero mag-
netic field, in the absence of collisions, the fermisphere that encloses the occupied
electron orbitals in k space is displaced at an uniform rate given by

δk = k(t)− k(0) = −eEt/~ (2.4)
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Due to the collisions of the electrons with impurities, phonons, crystal im-
perfections etc... the displacement may be maintained at a steady state. If the
collision time is given by τ then displacement in steady state given by equation 2.4
reads δk = k(t) − k(0) = −eEτ/~ and the velocity v = −eEτ/m. In a constant
electric field with n electrons of charge q = −e per unit volume, the electric current
density is given by the Ohm’s Law

J = nqv = ne2τ

m
(2.5)

The electrical conductivity σ is given by J = σE which gives σ = ne2τ

m
. The

electrical resistivity is defined as

ρ = σ−1 = m

ne2τ
(2.6)

In electrical resistivity measurements it is often convenient to define a quantity
called the residual resistivity ratio(RRR) of the sample under consideration. The
electrical resistivity of most metals at room temperature is dominated by the
collision of conduction electrons with lattice vibrations and at low temperatures by
the collisions with impurity atoms and lattice imperfections and the net resistivity
ρ is given by [88],

ρ = ρL + ρi (2.7)

where ρL and ρi are caused by thermal phonons and lattice imperfections respec-
tively. The residual resistivity ρi(0) is the extrapolated resistivity at 0K as ρL
vanishes in the limit T → 0. The residual resistivity ratio is then defined as the
ratio of its resistivity at room temperature to its residual resistivity and is hence
a convenient approximate indicator of sample purity [88].

With equations 2.3 and 2.4,equation of motion for the displacement of the
fermisphere of particles by δk due to a force F and by collisions is given by

~
(
d

dt
+ 1
τ

)
δk = F (2.8)

This was derived for zero applied magnetic field. Now we consider the motion of
the system in a uniform magnetic field B. The Lorentz force acting on an electron
is then given by

F = −e (E + v×B) (2.9)
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Assuming the static magnetic field to be parallel to the z- direction B = (0, 0, B)
and with mv = ~δk, the equations of motion for a charge carrier q is as follows

m∗
(
d

dt
+ 1
τ

)
vx = q (Ex +Bvy)

m∗
(
d

dt
+ 1
τ

)
vy = q (Ey −Bvx)

m∗
(
d

dt
+ 1
τ

)
vz = qEz

(2.10)

where m∗ is the effective mass. The Hall effect is the electric field developed across
a conductor in the direction j×B when a current J flows across a magnetic field B.
See Fig 2.9. The Hall effect represents a steady state of the system in a static elec-
tric field where the time derivatives of the velocities are zero.dvx

dt
= dvy

dt
= dvz

dt
= 0.

For simplicity, the electric field is assumed to be E = (Ex, Ey, 0);we assume that
any effect is going to occur in the plane perpendicular to B because of the nature
of the Lorentz force.

m∗vy
τ

= qEy −
qBτ

m∗
(qEx + qvyB) (2.11)

Defining the cyclotron frequency ωc ≡
eB

m∗
, the equation 2.11 is rewritten as

vy
(
1 + ω2

cτ
2
)

= qτ

m∗
(Ey − ωcτEx) (2.12)

In the limit ωcτ � 1, the equation is given by,

vy = qτ

m∗
(Ey − ωcτEx) = qτ

m∗

(
Ey −

qBτ

m∗
Ex

)
(2.13)

For arbitrary number of charge carriers with each carrier indexed by an integer
j,the jth carrier type has an effective mass m∗j , charge qj, number density nj and
scattering rate τj, equation 2.13 can be rewritten as follows [88, 89]

vy,j = qjτj
m∗

(
Ey −

qjBτj
m∗j

Ex

)
(2.14)

If the current cannot flow out of the rod in the y direction, the net transverse
current is zero. Therefore, ∑

j

njvy,jqj = 0 (2.15)
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In the case of electrons in the conduction band (with effective mass m∗el ,
scattering rate τel , charge qel, density nel and holes in the valence band (with
effective mass m∗h , scattering rate τh , charge qh, density nh), Equations 2.14 and
2.15 give,

nelq
2
elτel

m∗el
(Ey −

qelBτel
m∗el

Ex) + nhq
2
hτh

m∗h
(Ey −

qhBτh
m∗h

Ex) = 0 (2.16)

Ey (nelµel + nhµh) = Ex
(
nhµ

2
h − nelµ2

el

)
B (2.17)

where µ(el/h) =
∣∣∣∣∣∣q(el/h)τ(el/h)

m∗(el/h)

∣∣∣∣∣∣ are the mobilities of electron and hole respectively.

With the charge qel = −e and qh = +e

Ex = Jx
σ

= Jx
|e|(nelµel + nhµh)

(2.18)

where Jx is the current density in the x- direction. Combining equations 2.16 and
2.17 we have,

RH ≡
Ey
JxB

= 1
|e|

(nhµ2
h − nelµ2

el)
(nelµel + nhµh)2 (2.19)

Equations 2.15 and 2.16 show that, although no net current flows in the y di-
rection, the currents carried in the y direction by a particular type of carrier can
be non-zero. Carriers flowing in the y direction will experience a Lorentz force
caused by B in the negative x direction . This back flow of carriers result in a
change of resistivity Ex/jx,thereby causing magnetoresistance and for magnetore-
sistance to be observed, the presence of more than one carrier type is necessary.
For a simplified case, consider a metal with a simple spherical Fermi surface and
isotropic, energy-independent effective mass and initially for simplicity we assume
the electric field in the x-direction E = (Ex, 0, 0) [89]. The drift velocity vD,x/y
experienced by electrons in such a case can be deduced from equation as follows

vD,x = −eτ
m∗

[Ex + vD,yB]

vD,y = eτ

m∗
vD,xB

(2.20)
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Fig. 2.9 Schematic of geometry of a combined resistivity and Hall measurement set up
with magnetic field in the z- direction.The measurement records V and I, from
which R can be calculated and is subsequently converted into ρxx = RA

L , where
A is the cross sectional area-A = wt and L is the distance between the voltage
leads. Hall resistivity is calculated from ρxy = tRxy where t is the height of
the sample. For Ca3Ru2O7 sample we studied L,t and w were measured to be
0.015cm, 0.085cm, 0.03cm respectively.

Therefore in the presence of a magnetic field the conductivity is a tensor and
the current densities jx/y = −nevD,x/y gives

Jx = σxxEx,

Jy = σyxEx;

σxx = σ0

1 + ω2
cτ

2 , σyx = σ0ωcτ

1 + ω2
cτ

2

(2.21)

Here σ0 = ne2τ/m∗ is the zero-field conductivity in the Sommerfeld model [88]
and ωc = eB/m∗ is the cyclotron frequency.

This shows that in the presence of an applied magnetic field the total current
density no longer flows parallel to the applied electric field E but has components
in both x and y-directions.

From the above equations it is clear that in he limit B →∞ the conductivity
scales as σxx ∝ B−1 . In our experiments , as illustrated in Fig 2.9, the voltage
drop across the contacts in x and y- directions are measured instead of the current
density.

In such cases the current is forced in the x- direction, but the electric field
would have components in both x and y- directions, such that ρxx = Ex/Jx and
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ρyx = Ey/Jx. The conductivity tensor is given by

σ =
(
σxx σyx
σxy σyy

)
(2.22)

Now considering the electric field in y-direction E = (0, Ey, 0),so that we have
σxy = −σyx and σyy = −σxx

Jx = σxxEx + σxyEy

Jy = σyxEx + σyyEy
(2.23)

For Hall measurements, since there is no current flow in the y-direction, jy = 0;
This gives,

Ey = σxyEx
σxx

(2.24)

Using this in equation 2.23, we have

Jx =
σ2
xx + σ2

xy

σxx
Ex (2.25)

Using this in 2nd part of equation 2.23 we have an expression for Ey given by,

Ey = σxy
σ2
xx + σ2

xy

jx ≡ RHBJx (2.26)

where RH is the Hall coefficient.
The conductivity tensor can thus be rewritten as

σ =
(
σxx −σxy
σxy σxx

)
= σ0

1 + ω2
cτ

2

(
1 ωcτ

−ωcτ 1

)
(2.27)

where σ0 = m/ne2τ . The resistivity thus obtained is as follows ρxx = ρ0 and
ρxy = −B/ne. Thus for one carrier system, no magnetoresistance is observed
in the diagonal components, whereas Hall effect for single carrier is seen in the
off diagonal components. Now when an arbitrary number ’j’ type of carriers are
considered, each type with different density, effective mass and scattering rate,
the current density can be written as Jj = σxx,jExe1 + σyx,jEye2 the subscript ’j’
indicates the contribution from the jth type carrier. Hence, the components of the
conductivity tensor σxx,j and σyx,j will vary for different type of carriers resulting
in Jj that point in different directions. The total J is given by

∑
J

Jj = J (2.28)
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When there are 2 carrier types i.e j = 1, 2, We have J1 and J2 that point in
different directions, with the application of a magnetic field. For two carriers
the electric field remains the same and the current densities as shown above add
together

J = J1 + J2 (2.29)

The current densities can be written as

Jx = [σ(1)
xx + σ(2)

xx ]Ex + [σ(1)
xy + σ(2)

xy ]Ey
Jy = [σ(1)

xy + σ(2)
xy ]Ex + [σ(1)

xx + σ(2)
xx ]Ey

(2.30)

Since the Hall effect is measured without current flow in the y direction, i.e.
Jy = 0 and using the same method adopted for single carriers using Equation 2.27,
we have

σ1
xx = σ1

1 + σ2
1R

2
1B

2 , σ
1
xy = − σ2

1R1B

1 + σ2
1R

2
1B

2 (2.31)

where σ1/2 are the electrical conductivities of the two type carriers. Using these
in Equations 2.25 and 2.26, we obtain the following relations for magnetoresistance
and Hall resistivity in an applied field in a system of two carriers

ρxx(B) = (σ1 + σ2) + σ1σ2(σ1R
2
1 + σ2R

2
2)B2

(σ1 + σ2)2 + σ2
1σ

2
2(R1 +R2)2B2 , (2.32)

ρxy(B) = σ2
1R1 + σ2

2R2 + σ2
1σ

2
2R1R2(R1 +R2)B2

(σ1 + σ1)2 + σ2
1σ

2
1(R1 +R2)2B2 B. (2.33)

where R1/2 and σ1/2 are the Hall coefficients and the conductivities of the carrier
types (1) and (2) Hence in the two carrier case, we observe a finite magnetoresis-
tance. This model is later used in section 4.4 to analyse the magnetoresistance
data obtained for the Ca3Ru2O7 sample.

2.2.2 Resistivity and Hall Measurement Set-up

The resistivity and Hall measurements discussed in this thesis have been performed
in the Quantum Design PPMS system using the Resistivity option.

The PPMS can reach fields upto 9T and temperatures down to 1.8K. The
resistivity of the specimen samples are determined using linear four probe tech-
nique. Samples for four-wire resistance measurements were mounted on standard
PPMS sample pucks. Using four terminal sensing technique(Four probe method)
to attach a sample to a sample puck greatly reduces the contact resistance dur-
ing measurements [90].For reliable and accurate transport property measurements,
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Fig. 2.10 (a) Schematic of Four-Probe technique used for resistivity measurements .
Separate pairs of leads are used for current carrying and voltage sensing elec-
trodes. This method is capable of making more accurate measurements than
two terminal sensing. (b)Standard PPMS puck where samples for four-wire
resistance measurements are mounted . Resistivity sample pucks have four
contacts-one positive and one negative contact for current and voltage for
each user bridge board channel. It has the ability to measure up to three
samples to at one time.

good ohmic contact on samples is a prerequisite. Good contacts for the samples
used in this thesis typically have a resistance of the order of 1Ω when measured
with a multimeter. In a four-probe measurement, current is passed through a sam-
ple via two current leads, and two separate voltage leads measure the potential
difference developed across the sample.See Fig 2.10.

The voltmeter has a very high impedance, so the voltage leads draw very
little current.Therefore, by using the four-wire method, it is possible to know,
to a high degree of certainty, both the current and the voltage drop across the
sample and this inturn facilitates the calculation of the resistance with Ohm’s law.
Standard Resistivity sample pucks of the PPMS have four contacts- one positive
and one negative contact for current and voltage for each user bridge board channel
to which a sample may be wired . Up to three samples may be mounted on a
Resistivity puck, so the Resistivity option can measure up to three samples at
one time or as in in our case both resistivity and Hall measurements are done
simultaneously on the same sample [90]. The base of the puck is conducting, so an
insulating layer such as Kapton tape will be necessary for samples with conductive
back sides. Electrical contact between the sample and the desired channel input
pads were made via soldering or silver-painting wires on the samples discussed
in this thesis. Sample was affixed on the puck on top of an insulating layer(we
used cigarette paper) by means of an adhesive like GE Varnish which is a general-
purpose adhesive that maintains its properties down to cryogenic temperatures.
It is a reasonably good thermal conductor and an electrical insulator, ideal for
mechanically anchoring samples to a puck before attempting to attach electrical
leads. On the sample side, the connections were made using Silver wires glued
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Fig. 2.11 Example of electrical contacts on a sample of Ca3Ru2O7 for thermoelectric
and resistivity measurements made using conducting DuPont 4929N silver
paint and silver wires.

to the sample using Silver paste(namely DuPont 4929 N or two component Silver
epoxy which requires curing above 80°C). Silver wires of diameter 0.05 mm and
0.1 mm are used in the connections on samples presented in this thesis. See Fig
2.11

The other end of the wires were soldered on the appropriate contact pad on the
puck. In some cases, the contact resistance could still be high despite the room
temperature curing of the silver paste, in such cases the contacts are heated in a
furnace at high temperatures in an argon atmosphere which results in very low
contact resistances. Another method that was adopted involved applying short
high voltage pulses across the contact. This often leads to very good results. The
exact process that leads to the best result on a given sample is often a process of
trial and error [91].

2.3 Thermoelectric Studies

2.3.1 Thermopower/Seebeck and Nernst

Thermoelectric materials can convert waste heat to electrical energy and finding
materials with large thermopower can be an ecologically friendly alternative for
a sustainable energy future [92]. Identifying materials with large thermoelectric
response is essential for the development of novel, next generation low energy
consumption devices. The study of thermoelectric materials requires evaluation of
the thermoelectric figure of merit zT at a given temperature T , given by

zT = S2σT/κ (2.34)
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Fig. 2.12 In presence of a thermal gradient, an electric field is generated in the sam-
ple. (a) and (b) shows Seebeck(the longitudinal component of this field) and
Nernst effect(transverse component) respectively

where S is the Seebeck coefficient, σ is the electrical conductivity and κ is the
thermal conductivity comprising of both lattice and electrical contributions. The
Seebeck coefficient is the ratio of the electric field to the thermal gradient applied
to generate it See Fig 2.12 given by,

S = −Ex
∇xT

(2.35)

black

The transverse counterpart to the Seebeck effect is called the Nernst effect
which appears as a transverse electric field Ey in conductors subjected to a lon-
gitudinal temperature gradient ∇T (in x direction) and a perpendicular magnetic
field B in z direction. See Fig 2.12

N = Sxy = −Ey
∇xT

(2.36)

This effect as well as the longitudinal one were discovered by Nernst and Etting-
shausen in a bismuth plate in 1886 [93, 94]. Associated with the current flow due
to a thermal gradient in a conductor is the entropy flow per charge carrier [95, 96].
This can be expressed as follows:

Js = SJe − κ∇T/T (2.37)

where,Je is the charge current density, κ the thermal conductivity and ∇T the
thermal gradient. In the absence of thermal gradient Seebeck coeffiecient is the
ratio of entropy flow per charge flow. The Nernst coefficient, which is the transverse
counterpart to the seebeck coeffiecient, is the measure of transverse entropy flow
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caused by longitudinal particle flow [96].

Ey/∇xT = Jsy/J
e
x (2.38)

For mobile fermionic quasi particles the core equation linking the electric and
thermoelectric conductivity tensors is given by the Mott relation [97].

α = π2k2
BT

3e
∂σ

∂ε

∣∣∣∣
ε=εF

(2.39)

Hence the thermoelctric response is a measure of change in conductivity due to
a shift in the chemical potential. In terms of Hall angle (defined as tanθH=σxy

σxx
,

where σxy and σxx are the transverse and longitudinal electrical conductivities
respectively), Nernst effect can be written as follows [96]

N = π2k2
BT

3e
∂tan θH
∂ε

∣∣∣∣
ε=εF

(2.40)

In the single band scenario Hall angle is equal to

tanθH = ωcτ = eBτ

m∗
(2.41)

where ωc, τ and m∗ are the cyclotron frequency, scattering time and the effective
mass respectively, and the Nernst coefficient can hence be written as follows

ν = N/B = π2k2
BT

3m∗
∂tanθH
∂ε

∣∣∣∣
ε=εF

(2.42)

In the simplest approximation, where the change in chemical potential leaves the
Hall angle unchanged, the Nernst response of the system is zero. In one band
model it would lead to a vanishing nernst signal. However in two–band model
where both electron and hole like carriers are present this would still lead to a
finite nernst response [96]. When the Hall angle is energy dependent, in first
approximation ∂tanθH

∂ε

∣∣∣∣
ε=εF

can be replaced by tanθH

εF
and expressing the Hall angle

in terms of mobility we have,

tanθH
B

= µ = eτ

m∗
= e~kF

le
(2.43)
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where kF is the Fermi wavevector and le is the carrier mean free path. With these
modifications the Nernst coefficient can be expressed as

ν = π2k2
BT

3eεF
µ (2.44)

At T�TF ,the Seebeck coefficient of a metallic system is related to the Femi tem-
perature through this equation:

S = π2kBT

2eTF
µ (2.45)

This is valid for free electron gas.and is similar to the relation between specific
heat γ of the free electron gas and the Fermi temperature [96]

γ = π2kBT

2TF
n (2.46)

where n is the molar density.

2.3.2 Thermoelectric Measurement Set up

For the thermoelectric data presented in this thesis, measurements were carried
out with the aid of a homebuilt insert for Seebeck and Nernst measurements in
the Quantum Design PPMS. The set up has been used to study Seebeck and
Nernst effects in a variety of samples namely Ca3Ru2O7 (Refer Section 4.3 for
more information), PrAlGe,and EuCd2As2 (Refer Chapter 5). Thermopower and
anomalous contribution to the Nernst effect were studied on the Type I Weyl
semimetal-PrAlGe, which is a very interesting system in the sense that it breaks
both time and inversion symmetry and is a potential candidate material for carry-
ing pure spin currents. [98]. The Weyl nodes are generated by inversion symmetry
breaking and the ferromagnetism in this system shifts the Weyl nodes in k-space
and hence breaks the time reversal symmetry [99]. The berry curvature in these
systems acts as an intrinsic field and hence unusual transport properties like a finite
transverse thermoelectric response even in the absence of external field, dubbed
Anomalous Nernst effect, is observed in the system. Anomalous Hall effect is
another transverse property that can be used to probe the topological nature of
charge carriers in this system and has been done recently by Destraz et al.. [98] .
Recent studies have shown the existence of Weyl nodes close to Fermi energy level
in EuCd2As2 (ECA) system with an applied field. Anomalous transport measure-
ments in these materials have gained traction in recent years. Anomalous Hall
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Fig. 2.13 Schematic illustration of the set up used for measuring the thermoelectric
coefficients in the custom made probe. Temperature gradient is established
by means of a linear pattern high resistance gage. Calibrated cernox ship
sensors that measure the temperatures at the cold and hot end of the sample
are depicted as cernox cold and hot respectively. Vx and Vy represents the
longitudinal (Seebeck) and transverse (Nernst) voltage developed across the
sample .

effect was predicted and experimentally realised in this system by J.R. Soh et al.
[100]. EuCd2As2 is hence an ideal system to study the thermoelectric counterpart-
the Anomalous Nernst effect experimentally. Here, we have done, using our in-
house built nernst set up, a study of the anomalous nernst effect in this system.
A home built custom made insert in physical property measurement system was
used to monitor the thermoelectric tensors in these samples. The schematic of the
experimental set up is shown in the figure (Fig 2.13).

The temperature gradient across the sample is established using a linear pat-
tern high resistance gage (5000 Ω). The sample was attached on one end to a
copper block (which serves as a heat sink) with a mechanical clamp (for better
thermal contact), and the other end where the heater wire is attached is left free.
The gradient estabished across the sample was maintained at 2 − 3% of the base
temperature. Calibrated Cernox chip sensors were used to measure the tempera-
ture at the cold and hot end and hence the gradient established across the sample.
The temperature of the sample was determined by taking the average of the tem-
peratures at the hot and cold sides. The temperatures of the hot and cold ends of
the sample were measured by continuously monitoring the resistance of the ther-
mometers with Lakeshore temperature controller. The resistance is then converted
to temperature by using a Labview program that has the calibration file for the
thermometers. All the data acquisition programs were written in Labview. The
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current to create the desired thermal gradient across the sample was applied with
Keithley precision current source and the longitudinal and transverse voltage that
develop across the sample were measured with Keithley 2182 nanovoltmeters used
in conjunction with home built nanaovolt amplifiers. Cryogenic wires of Phos-
phor bronze from Lake Shore were used in the voltage leads that run from the
sample inside the PPMS to the voltmeters at room temperature inorder to min-
imise the heat leak as these wires have much lower thermal conductivity than
normal copper wires. The wires were thermalized by winding them around parts
of the probe that have a strong thermal link with the helium bath [101]. Contact
misalignments are a potential cause of cross contamination between Nernst and
Seebeck signals. If the transverse voltage contacts are not in perfect alignment,
the transverse contacts will measure a fraction of the transverse field plus a frac-
tion of the longitudinal field , and as a result a Seebeck component could appear
in the raw Nernst data. Postacquisition data processing can compensate for the
contamination of the transverse Nernst effect by the longitudinal Seebeck effect
by symmetrisation of the data set. The seebeck thermopower is an even function
of field and the nernst is an odd funtion of field. This allows for an easy way to
eliminate the effects of contact misalignments, by symmetrizing the data: only the
odd in-field components of the Nernst coefficient and the even in-field components
of the Seebeck coefficients are kept. This is achieved by measuring the nernst sig-
nals at positive and negative field polarity. In order to remove any thermoelectric
power contribution due to the misalignment of the contacts half the difference of
the two polarities are taken [101, 102].

All the thermoelectric experiments are carried out in the Physical Property
Measurement System, which can go down to a temperature of 1.8 K and reach field
upto 9 T , at the Univerity of Zurich.The required samples were obtained from
our various collaborators. The bilayer ruthenate sample Ca3Ru2O7 was obtained
from our collaborator Antonio Vecchione at CNR-SPIN, University of Salerno,
Italy, and the samples of the ferromagnetic Weyl semimetals were provided by
our collaborators-Jonathan White, Pascal Puphal, and Ekaterina Pomjakushina
at Paul Scherrer Institute, Switzerland.

2.4 Magnetometry
Magnetometry, refers to measurement of the magnetization M or the magnetic
moment m of a sample. The magnetisation M of a homogeneous sample of volume
V is given by M = m/V , where m is the magnetic moment of the sample. Mag-
netisation is hence often expressed in terms of emu/cm3. 1emu = 10−3Am2. The
results can also be expressed in µB/atom, where µB is the Bohr magneton. The
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number of atoms in the specimen in this case is at first determined as atoms/cm3,
and emu/cm3 then gives emu/atom which then is converted to µB/atom using
1µB = 9.274× 10−21 emu [103].

The results presented this thesis have been measured using lab-based mag-
netometry, namely, the superconducting quantum interference device (SQUID)
magnetometer. SQUID magnetometers measures the magnetization of a specimen
as a function of magnetic field and/or temperature. Here for the measurements
presented, we have made use of the commercial Quantum Design SQUID mag-
netometer . The QD MPMS utilizes a superconducting magnet (a solenoid of
superconducting wire) to subject samples to magnetic fields up to 7 Tesla (70
kOe) and provides temperature control of samples from 400 K down to 1.8 K
achieved using liquid Helium [104].

SQUID magnetometers allow for the measurement of magnetic properties of
small experimental samples over a broad range of temperatures and magnetic
fields. In the work presented in this thesis , two types of measurements have been
performed using the SQUID magnetometer namely- the variation of magnetic mo-
ment of sample with respect to temperature M(T) in presence of magnetic field
and the study of field dependence of magnetic moment M(H) at constant temper-
ature [103, 104]. The temperature dependence measurements can be performed
under Zero field cooled (ZFC) or field cooled (FC) protocols. In the zero field cool-
ing, no field is applied while the sample is cooled through the ordering temperature.
In the field cooled process the sample is cooled through the ordering temperature
in the presence of an applied field. These studies are useful in understanding the
crucial role of magnetic anisotropy in the system that could cause a difference
between the field cooled and zero field cooled values of magnetization. [105, 106].

The working principle of SQUID magnetometers are based on the Josephson
effect and flux quantisation. A Josephson junction is comprised of two supercon-
ducting layers separated through an insulating layer. The laws of quantum physics
dictates the magnetic flux through the ring to be quantized. This inturn results
in a current flow through the ring to adjust the flux to an allowed value [88]. A
change in flux from the external source is thus always reflected by a change in the
voltage that is measured at the SQUID. This is the principle by which a SQUID
translates a flux into a voltage. The working principle of SQUID can be based on
DC(Direct Current) or AC(alternating current) josephson effect and are termed
DC SQUID and RF SQUID respectively. Here we have employed the DC SQUID
magnetometry which has two Josephson junctions in parallel in a superconducting
loop. To improve the overall sensitivity and noise rejection, reciprocating sample
measurement option(RSO) was used which features small amplitude and periodic
displacement of a sample inside the MPMS second order gradiometer. The move-
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Fig. 2.14 A simplified schematic setup of a SQUID magnetometer.The sample is moved
through the detection coils and the response of the coil is analysed to deter-
mine the sample position. Current is induced in the detection coils in response
to magnetic field disturbances and is a function of the sample position.The
approximate shape of this function is also shown .The current in the detection
coils is inductively coupled to the instrument’s SQUID, which serves as an
extremely sensitive current-to-voltage converter. Taken from Ref [104].

ment of the sample results in an oscillating AC signal that is detected by the
SQUID sensor. With the reciprocating sample technique, sensitivities of 10−8 emu
can be achieved.

For measuring the magnetic moments the samples are mounted on quartz or
brass or clear drinking straw sample holders using (GE) 7031 varnish. For accu-
rate magnetic moment measurements, the magnetic signature of the sample holder
before mounting the sample is measured. Once the sample moment is measured
the background signal of the sample holder is subtracted from the sample measure-
ment. SQUID magnetometers usually detect the change of magnetic flux created
by mechanically moving the sample through a superconducting pick-up coil which
is converted to a voltage.Before starting the measurements the sample is centered
within the detector coils See fig 2.14 [104].

Sample is moved through the detection coils and the coil response is analysed to
locate the sample. For samples with small moments, a magnetic moment> 1×10−7

emu is induced in the sample by applying a magnetic field. The sample has to
be ideally located in the center of the pickup coils, inductively coupling to the
magnetic field and generating a current as it moves through the coil. shown in Fig
2.14
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Fig. 2.15 Pictorial depiction of the derivation of Bragg equation 2d sin(θ) = nλ. d is
the spacing between the parallel atomic planes. Taken from Ref. [88]

2.5 Sample characterisation/Investigating Crys-
tal Structures

2.5.1 Xray diffraction: Laue Method

In condensed matter experiments, a prerequisite step in studying the physical
properties of a single crystal sample of interest is determining its crystal structure
and orientation. Here we employ the Laue diffraction technique and spot analysis
to determine the crystal orientation. A simple explanation for diffracted beams
from a crystal was presented by W.L Bragg.

When radiation, with a wavelength comparable to atomic spacings, is scattered
in a specular fashion (angle of incidence equal to the angle of reflection) from
parallel planes of atoms in a a crystal, the diffracted beams are found when there
is constructive interference. When the planes are spaced ’d’ distance apart, the
path difference for rays reflected from adjacent planes is given by 2d sin θ and
constructive interference occurs when the path difference is an integral number ’n’
of wavelength λ, given by the Bragg Law (See Fig 2.15)

2d sin θ = nλ (2.47)

A generalised condition for the possible x - ray reflections is given by the Laue
rule,

∆k = G (2.48)

where ∆k measures the change in wave vector and is called the scattering vector
given by ∆k = k′ − k, where k and k′ are the wavevectors of the incoming
and outgoing beams respectively. G is a reciprocal lattice vector given by G =
n1b1+n2b2+n3b3 where ni, i = 1, 2, 3 are integers and b1, b2, b3 are the primitive
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Fig. 2.16 (a) Measured Laue pattern of Ca3Ru2O7. (b) Corresponding simulated Laue
pattern using PSL viewer software used to distinguish the Ru-O and Ru-Ru
directions. Taken from Ref. [107, 108]

vectors of the reciprocal lattice. An equivalent description of the result expressed
in Equation 2.48 is given by the Laue conditions [88],

a1 ·∆k = 2πn1

a2 ·∆k = 2πn2

a3 ·∆k = 2πn3

(2.49)

where ai, i = 1, 2, 3 are the primitive vectors of the crystal lattice. Each of the three
Laue conditions can be geometrically interpreted in the picture of Laue cones. For
constructive interference to occur, the scattering vector must satisfy all the three
equations; i.e it must lie in the common line of intersection of the three cones [88].

A Laue experimental set up consists of an x - ray source that is comprised of a
Tungsten target on which electrons impinge, two cameras used for the alignment,
a detection screen composed of a scintillating material and CCD chips, a manip-
ulator and sample holder which are used in order to align the sample with the
beam spot and to manipulate its orientation. The collimated x - rays from the
tube pass the detector through a centered hole and gets scattered by the sample.
The diffraction image is taken by the detector in back scattering geometry. A
typical Laue experiment involves the positioning of the sample on the goniometer,
adjusting the x - ray beam and data acquisition and data analysis. Fig 2.16 shows
a representative Laue pattern obtained in a sample of Ca3Ru2O7.

The symmetry of the Laue pattern corresponds to the symmetry of the crystal,
and directions of the crystal axes are determined by the symmetry axes of the
Laue pattern. The Laue pattern of a crystal oriented along a high symmetry axis
enables the identification of symmetry and all the spots. Here the sample is aligned
with the c - axis parallel to the x - ray beam. The Laue spots will lie on a series of
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Fig. 2.17 (a) and (b) shows the polarised light image of the crystal sample Ca3Ru2O7,
that shows a clear change in domain distribution before and after the uniaxial
pressure induced detwinning process. (d) and (c) shows the associated Laue
pattern. Taken from Ref. [107]

lines passing through the point where the x - ray beam crossed the photograph and
the lines form a symmetric pattern. To have the sample orientation in other high
symmetry directions, PSL viewer software can be used to simulate the expected
patterns for a given space group (shown in Fig 2.16 (b)). The sample is then
rotated until agreement between the calculated and observed patterns is obtained.
The Laue diffraction pattern shown in the figure can also be used to distinguish
the Ru-O direction and the Ru-Ru directions by comparing the angles between
lines. The horizontal and vertical directions correspond to the Ru-O directions,
while the diagonals correspond to the Ru-Ru directions.

2.5.2 Detwinner

Twinning in a crystal refers to a phenomena where different domains join together
in a crystal with axes close to each other resulting in an aggregate bulk crystal
constituting of internal single crystals in various different configurations. Twinning
is an important factor that hinders understanding of various physical properties of
the crystal, its crystal structure determination etc... The anisotropy in resistivity
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is an important measurement probe that helps in understanding the presence of
broken rotational symmetries and the nature and origin of phase transitions that
causes the effect. Hence the motivation to study detwinned crystals is of prime
importance to study in detail the properties along crystallographic a or b direc-
tions. The mono - domain sample Ca3Ru2O7 discussed in this thesis was prepared
by detwinning achieved through thermomechanical means. The multidomain crys-
tals were subjected to uniaxial pressure with the simultaneous application of heat
causing the domains that are unfavorably arranged to be absorbed by favorably
arranged ones [109]. The process of detwinning was observed through a polarising
light microscope(PLM) in situ and the samples before and after the detwinning
process were characterised using Laue diffraction [107, 110] . The Figs 2.17 (a)
and (d) shows the PLM image of the domains before detwinning process and the
associated Laue pattern.

The twinned crystal sample is placed between the ceramic holders of the de-
twinner in a nitrogen atmosphere. A modified solder iron which serves as a heating
element is used to heat the sample to high temperature(around 495°)C. Pressure
was progressively applied while simultaneously observing the domains under po-
larised light. With an applied pressure of around 100 MPa , it was observed that
one set of predominant domain population was achieved and the crystal was suc-
cessfully detwinned. The sample was then cooled down without pressure to room
temperature and Laue photograph was taken and compared to the twinned pat-
tern as shown in Figs 2.17 (b) and (c). The measurements of in plane resistivity
were then performed on the detwinned crystals using standard four probe method.
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Chapter 3

RIXS study on Ca2RuO4

3.1 Introduction

The quasi 2-dimensional Mott transition system Ca2–xSrxRuO4 displays a rich ar-
ray of interesting properties, including unconventional superconductivity, Hund’s
coupling physics [52], series of electronic, structure and magnetic transitions in-
cluding paramagnetic metal, antiferromagnetic insulator, and paramagnetic insu-
lator phases [111, 112] and has been the subject of intense studies for more than
two decades [111].

With the discovery of superconductivity in cuprates, there has been a spur of
interest in understanding the Mott-Hubbard metal insulator transition in these
quasi 2D systems. In the simplest picture the metal - insulator transition de-
pends on the ratio between the onsite Coulomb interaction U and the one-electron
bandwidth,W. Increase in the U/W ratio facilitates a splitting between the up-
per and lower Hubbard bands with U/W = 1 resulting in a Mott-Hubbard band
gap [24].Fig 3.1 shows the schematic density of states function for the metallic
Sr2RuO4 and the Mott insulating Ca2RuO4.

A priori, due to the highly extended d shells of 4d and 5d transition metal
cations in transition metal oxides (TMO), a weaker intra atomic Coulomb inter-
action and hence less correlation effects are to be expected in comparison to the
3d - TMO. In the Mott-Hubbard picture this points towards a metallic behaviour.
However the large radial extension of the orbitals also results in a robust inter-
action between the Ru orbitals and the nearest neighbour oxygen orbitals which
results in crystal structures that are distorted from the ideal case of the K2NiF4

type. The M-O-M bond angle in such cases is less than the ideal 180◦ and gener-
ally implies an insulating type behaviour due to narrowing d- electron bandwidth
resulting in localisation and enhanced correlation effects. Thus in these systems
there exists a delicate balance between two mechanisms - one which favors an itin-
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Fig. 3.1 Schematic density of states function for (a) metallic Sr2RuO4 and (b) the Mott
insulator Ca2RuO4.The Fermi level, which lies within the t2g band in Sr2RuO4,
is now situated in the band gap in Ca2RuO4 resulting in an insulating ground
state. Taken from Ref. [113]

erant and the other a localised physics. As a result these materials lie precariously
on the boundary between metal- insulator transitions and slight perturbations like
change in crystal structure, doping etc... can cause pronounced changes in physical
properties [50, 114, 115].

The single - layered ruthenates exhibits a rich and complicated phase diagram
as shown in Fig 3.2 [2, 111] with the isovalent substitution of Ca with Sr result-
ing in a systematic modification of crystal structure due to their different ionic
radii, leading to a dramatic variation and evolution of properties from an antifer-
romagnetic insulating state to a superconducting state. The x = 2 end member
− Sr2RuO4 is the poster child for unconventional superconductivity and x = 0
end member − Ca2RuO4 (Ca214) is an antiferromagnetic insulator which turns
metallic at T = 356 K [7].

Among the layered ruthenates, Ca214 has gained a lot of attention due to
its complicated electronic structure. Ca214 has a crystal structure derived from
K2NiF4 type and belongs to the orthorhombic spacegroup - Pbca with lattice pa-
rameters a = 5.4097Å, b = 5.4924Å and c = 11.9613Å [7, 115]. The layered
perovskite structure comprises of RuO layers stacked together with corner sharing
RuO6 octahedra. Compared to Sr2RuO4, the structure is severely distorted due
to the small ionic radius of Ca2+, with rotation of the RuO6 octahedra around the
crystallographic c axis and a tilt around an axis in the RuO2 plane [7]. Ca214 un-
dergoes a paramagnetic metal insulator transition from a high temperature tetrag-
onal near metallic phase to a low temperature orthorhombic Mott insulating phase
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Fig. 3.2 Phase diagram of single layered ruthenates. The x = 0 endmember is an
insulator which turns metallic at 356 K and the x = 2 endmember exhibits
superconductivity below 1.5 K . Taken from Ref. [2]

at TMI = 360 K which is accompanied by structural distortions and a reduction
in the c - axis lattice parameter at Ts = 356 K with the long and short axes
structures dubbed as L-Pbca and S-Pbca respectively [50]. Antiferrmomagnetic
Néel ordering sets below temperature TN = 110 K. Ca214 is a Mott- hubbard type
insulator where the antiferromagnetic ordering sets in at a temperature TN(= 110
K) � TMI(= 356 K). This is an archetype of a metal insulator transition that is
coupled to structural transition and not driven by AFM exchange interactions.

The low energy electronic properties of the layered Ca2RuO4 system is deter-
mined by its formal oxidation state of +4 - i.e the the number of electrons every Ru
ion has in the 4d shell. The tetragonal crystal field effect,which is stronger in the
4d TMO’s owing to the larger extension of the 4d shell as discussed before, splits
the initial degeneracy of the Ru 4d orbitals into a low energy t2g triplet and a high
energy eg doublet. With the effect of crystal field splitting larger than Hund’s
coupling, a low spin state is resulted and thus the filling of the lower lying t2g
states precedes that of the higher energy eg doublet states, resulting in a two-third
filled t2g triplet ground state (t42g e0

g electronic configuration). With the localised 4d
electrons, the Ca214 is an ideal for studying the interplay between spin and orbital
degrees of freedom thereby providing new routes towards understanding their role
in the unconventional superconductivity observed in the layered ruthenates.
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Fig. 3.3 Schematic illustration of the 4d electronic states of Ca2RuO4. The initial
degeneracy is lifted due to crystal field splitting resulting in lower t2g and
upper eg bands and then the distortions of the RuO6 octahedra further splits
the t2g states. Taken from Ref. [7]

Band structure calculations have estimated the energy difference between the
triplet and the doublet sector to be around 4 meV. The Jahn Teller like distortion
and the titlting of the RuO6 octahedra results in an additional splitting of the t2g
states with the dxy states slightly lower in energy than the dxz/yz states (0.3− 0.4)
eV, [7, 116] a schematic depiction of which is shown in Fig 3.3.

Although the metal insulator transition in the system has been attributed to
strong correlations and Mott type mechanism, several conflicting scenarios have
been proposed regarding the nature of this transition and orbital occupancy in
various works. [27, 117–119]. In one of the scenarios presented- called the Orbital
Selective Mott Transition (OSMT) - it was suggested that the OSMT takes place
in the narrower nearly one dimensional dxz/yz orbitals where the electrons undergo
a Mott transition and become localised where as electrons in the wider two di-
mensional dxy are itinerant and the electronic band remains metallic [120]. In the
second case, a single Mott transition was predicted which showed that the combi-
nation of crystal field splitting and on-site Coulomb interactions leads to complete
filling of the dxy band and a Mott transition in the half-filled dxz/yz bands. These
were challenged by LDA+U study which proposed yet another scanario where it
was predicted that the spin coupling enhanced by Coulomb interaction leads to
the insulating phase. ARPES studies also showed conflicting results with the data
from Neupane et al.. [117] pointing towards an orbital selective picture in the
x = 0.2 single - layered system of Ca1.8Sr0.2RuO4 while other ARPES experiments
reported by [121] showed three metallic bands and no OSMT . LDA and DMFT
by Pavarini et al.. [27] showed that the transition is driven by change in crystal
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structure from L-Pbca to S-Pbca that reduces the bandwidth. This leads to an
enhanced crystal field splitting with no orbital ordering in the metallic phase and
with the complete filling of the lower energy orbital dxy in the insulating phase
S-Pbca. ARPES measurements by Sutter et al.. [52] for the insulating phase are
in agreement with the above mentioned LDA, DMFT calculations. The results
were interpreted in favor of a band-Mott insulating ground state driven by Hund’s
coupling. The band-Mott scenario is triggered by a crystal field that renders the
dxy orbital band insulating with the half filled dxz/yz bands undergoing Mott tran-
sition driven by Coulomb interaction. The recent work by Zhang et al.. [112]
using LDA+DMFT approach confirmed that the Mott transition is indeed driven
by the strucural change from L-Pbca to S-Pbca, where the magnetic ordering and
Coulomb interaction play a role in determining the size of the gap in the xy or-
bitally ordered S-Pbca insulating phase. The rich and myriad phenomenology
of Ca214 is thus attributed to the interplay between various energy scales - the
Coulomb interaction U, Hund’s coupling JH , crystal field splitting δ and spin -
orbit coupling λ.

In this chapter a high resolution oxygen K - edge RIXS study of the antiferro-
magnetic Mott insulating state of Ca214 is presented. The possibility to detect
Ru- d orbitals through the oxygen K - edge is utilised here and the light po-
larization analysis of XAS and RIXS spectra provides direct characterization the
Mott-active ruthenium orbitals. The results obtained strongly support the band -
Mott scenario discussed before. Applying high resolution RIXS, we report for the
first time a dispersive low energy excitation of entangled orbital and spin degrees
of freedom. A set of low energy excitations at 80 meV and 400 meV and higher
energy excitations at 1.3 and 2.2 eV has been observed in our study. The high
energy excitations are closely linked to Hund’s energy scale and the low-energy elec-
tronic excitations of Ca2RuO4 have been interpreted using the theoretical frame
work proposed by Kim et al.. [122]. This study by Kim et al.. derived general
expression for the RIXS crosssection for magnetic insulators in which both spin
and orbital degrees of freedom are active and reside in the orbitals of t2g symme-
try in the strong spin orbit coupling limit. Similar studies using ARPES, optical
conductivity, and x - ray absorption spectroscopy (XAS) and first - principles
band calculations have been done in 5d TMO - Sr2IrO4 and manifestation of a
Mott ground state defined by an effective angular momentum Jeff = 1/2 under a
strong SOC and large crystal field effects have been reported [123] For Ca2RuO4,
with modest spin-orbit coupling strength, studies of the spin excitations have been
interpreted as evidence for a similar composite Jeff = 1 quasiparticle. Our theo-
retical analysis reveals how this collective orbital excitation is intimately linked to
the spin-excitation (including the Higgs) modes reported in the inelastic neutron
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scattering and Raman studies [36, 37]. Both spin and orbital excitations originate
from the same composite spin - orbit entangled quasiparticle. Our results provides
a unification of the band-Mott insulator scenario and the Higg mode picture of
Ca2RuO4. Conceptually, this classifies Ca2RuO4 as a unique orbitally entangled
Mott insulator.

However, in our measurements, the full manifold of the low-lying spinorbital
excitations of Ca2RuO4 was not observed as direct L-edge RIXS was not available
for high-resolution measurements during the time of this study. The recent studies
using Ru-L3 edge on Ca214 [61] has reported various excitations in the system:
magnetic excitations at 50 meV consistent with the INS and Raman studies, SOC
driven excitations at 320 meV in reasonable agreement with our work, Hund’s
driven excitations at 750 and 1000 meV- which likely due to lower intensities,
appeared in our measurement as a broader peak around 1.3 eV and at higher
energies around 2-4 eV the excitations from t2g to higher eg states.

3.2 Methods
High quality single crystals of Ca2RuO4 were grown by floating zone techniques
[124, 125]. Crystals were aligned ex-situ using x - ray Laue technique and cleaved
in-situ using top-post method. XAS and RIXS measurements were carried out at
the ADRESS beamline of the Swiss Light Source(SLS) at Paul Scherrer Institute.
Before the low energy excitation spectrum can be measured by RIXS, XAS study -
an element specific technique is carried out that consists of irradiating the sample
with x - rays and measuring the absorption. Here, the energy of the incoming
photon beam is tuned to an absorption edge. In this measurement the incident
photon energy is tuned to resonate with the oxygen K - edge.(~530eV)

The experimental scattering geometry is schematically depicted in Fig 3.4 (a).
A fixed angle of 130° was used between incident and scattered light. Given the
quasi 2D nature of Ca214 system, only the planar component of the momentum
Q‖ = (h, k) involved in the RIXS process is considered. The in-plane momentum
is varied by controlling the incident photon angle θ as shown in Fig 3.4. The
reciprocal space is indexed in tetragonal notation. Grazing and normal incidence
conditions refer to θ ≈ 90° and 0° respectively. The absoption spectra was taken
in total fluoroscence yield mode. Linear Vertical (LV) and Linear Horizontal (LH)
polarisations are used to probe the oxygen K - edge at which an energy resolution
of 29meV (half width at half maximum) was obtained. Elastic scattering through-
out this work has been modelled by Voigt line shape allowing subtraction of this
component. The presented data has been collected at T = 16 K unless otherwise
specified.
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Fig. 3.4 Schematic depiction of RIXS geometry with respect to the crystal lattice of
Ca2RuO4. Ruthenium and oxygen sites are shown with filled green and blue
circles respectively. The variable incident angle θ is defined with respect to the
RuO2 and apical oxygen planes. Using LV and LH polarized light, for different
θ, sensitivity to either oxygen px, py, or pz orbitals can be achieved. These
oxygen orbitals in turn hybridize with different unoccupied t2g and eg states
on the ruthenium site. (b) Schematic illustration of activation of different O-
p orbitals by varying the polarisation and incident angle. With LH,grazing
condition θ = 90° results in the promotion of core hole from oxygen-1s to
2pz valence state. Similarly for LH normal incidence θ = 0° the px orbital is
activated and the LV polarisation results in the activation of py orbital.

3.3 Results

Here, the results on the combined XAS and RIXS study on Ca2RuO4 are presented.
The incident light polarisation ~E is varied from horizontal LH with ~E ‖ ac plane

to vertical LV with ~E ‖ b - axis. Due to the dipole selection rules, LH polarisation
induces oxygen 1s →O 2px/z excitations and the the LV induces exclusively Oxygen
1s →O 2py transitions. Thus by changing the polarisation of the incident light
from horizontal to vertical different orbital symmetries are probed [126] as shown
in Fig 3.4 (b).

Fig 3.5(a) shows XAS spectra recorded with LH photon polarisation for near
grazing and normal incidence conditions. A linear background is subtracted by
fitting the flat region at energies lower than 528 eV and the spectra is then nor-
malized using the high energy region. A good agreement is obtained with previous
works when there is an overlap in temperature, light polarisation and incident light
conditions. [31, 126, 127].
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Fig. 3.5 (a) Background-subtracted x - ray absorption spectra recorded with linear hor-
izontal light for near grazing and normal incident light conditions with settings
that optimize either the apical or planar oxygen K - edge resonances as indi-
cated by the dashed vertical lines. Panels (b) and (c) display representative
RIXS spectra measured at the planar and apical oxygen K edges for LH po-
larisation.

In the fig 3.5 (a), the spectral features in the range 528 − 530 eV and from
530− 536 eV are assigned to the transitions from O 1s core level to the O-2p level
that hybridise with Ru-4d t2g and eg orbitals respectively and these assignments
are supported by the band structure calculations for RuO2 that has shown that
the crystal field splitting between t2g and eg orbitals to be around 4 eV. [31, 126,
128, 129]. In the t2g derived region pronounced angular dependence can be seen in
the spectral features at 529.2 and 529.8 eV. Various previous studies have reported
that the apical oxygen XAS peak is lower in energy than the in-plane one due to
a difference in their core level binding energies- with apical resonance at energies
less than the planar [128, 130], hence we can assign the features at 529.2 eV and
529.8 eV to transitions at the apical and planar oxygen sites, respectively. Once
the absorption spectrum is recorded, the energy of the incident photon beam is
set to an absorption edge (planar/apical) and RIXS measurements are performed.

Panels (b) and (c) of Figure 3.5 shows representative RIXS spectra with LH
polarisation at apical and planar sites recorded at grazing and normal incidence.
The spectra exhibit several excitations including the elastic scattering at zero
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Fig. 3.6 Planar RIXS spectra, with elastic scattering subtracted and recorded with LH
and LV light polarization for incident angle (momentum transfer) as indicated.
Vertical arrows indicate the four excitations labeled A, B, C, and D. For clarity,
the spectra are given an arbitrary vertical shift.

energy loss position and the dd excitations at 3−5 eV. The Fig 3.6 shows the RIXS
spectra with planar oxygen resonance recorded with LH and LV polarisations for
a representative incident angle. Four distinct excitations labelled A,B,C and D
are seen with approximate energy losses of 0.08 eV, 0.4 eV, 1.3 eV and 2.2 eV
respectively.

The excitation dubbed B observed at 0.4 eV is consistent with the previously
reported study done by Fatuzzo et al.. [129]. The amplitude of these excitations
are strongly incident light angle and polarisation dependent. As seen in the panels
(b) and (c) of Fig 3.5 and (c) and (d) panels of Fig 3.7 , these matrix elements are
different on the apical and planar resonance. Hence all four excitations are not
necessarily clearly visible in a single spectrum.

From Fig 3.7, at first glance, one can see that the excitations dubbed - B and
D are the most intense and prominent features of the spectra. These excitations
show a distinct and pronounced dependence on polarisation for grazing incidence
condition which can be seen in panels (c) and (d). Furthermore, one can see that
with LH polarisation on the planar oxygen K - edge resonance these excitations are
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Fig. 3.7 Polarization dependence of the RIXS spectra versus incident photon energy.
Panels (a,b) show RIXS response, in a false color map, as a function of energy
loss and incident photon energy of LH and LV light polarization for the grazing
incidence condition, as indicated. Horizontal dashed lines show the positions
of the apical and planar resonances obtained from XAS. Panels (c,d) shows the
RIXS spectra, with the elastic response subtracted, at the apical (blue lines)
and planar (red lines) oxygen resonances for the respective light polarizations.

quite intense, but with varying the polarisation from LH to LV they are virtually
"switched off". For the apical resonance an opposite dependence on polarisation is
observed- with the excitations more prominent with LV and "switched off" for LH
condition.

Fig 3.8 (a) shows a zoom in on the low energy excitations A and B recorded
with LH and LV polarisation at a representative angle between normal incidence
and grazing condition. Several preliminary observations can be drawn from this.
The excitation dubbed A is more visible with LV polarisation. Under LH polarisa-
tion,the A excitation is barely resolvable but appears clearly in the LV polarisation
condition for planar resonance. For apical condition, shown in Fig 3.8 (b), the peak
A is visible in both LH and LV channels. The linewidth of excitation A is much
smaller than peak B. The peak maximum and the line shape of the B excitation
is strongly dependent on light polarisation as seen in Fig 3.8 (a). The peak C is
more visible with LV polarisation as is evident from Fig 3.6. The D excitation
shows an opposite trend where it is more pronounced in the grazing incidence LH
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Fig. 3.8 (a) A zoom in on the low energy excitations of the spectra. Solid blue
lines are a four-component fit, including a smoothly growing background
(gray lines—second-order polynomial form), the 80-meV excitation (purple
line—Gaussian line shape), and two modes with damped harmonic oscilla-
tor line shape [131–133] labelled B1 (yellow) and B2 (green) for the excitation
at 400 meV. The peak position and width of the internal sectors B1 and B2
are presumed to be identical for LV and LH polarization. Peak amplitudes
are left as open fit parameters irrespectively of light polarization. (b) Tem-
perature evolution of RIXS spectra for apical resonance recorded with LH and
LV polarization as indicated. The dashed lines are guides to the eye. (c) Peak
amplitudes of the assumed internal modes of the B excitation - B1 (yellow) and
B2 (green) extracted from fits (with fixed peak widths and positions). Corre-
sponding solid cosine squared lines indicate, for LH polarisation, the expected
coupling to the px and pz oxygen orbitals.

polarisation and weaker in the LV channel. The temperature dependence of the A
and B excitations (Fig 3.8 (b)) shows that they persist in to the high temperature
paramagnetic phase.

The momentum dependence — along the (h, 0) (Ru-O bond) direction-of the
planar spectra recorded with LH polarization is shown in Fig 3.9 (a). The peak
maximum position, extracted from fitting the derivative of the spectra, reveals a
weak momentum dependence for the B excitation, consistent with its propogat-
ing/dispersive nature. The extracted momentum dispersion of the B excitation is
reported in Fig 3.9 (b) with a minimum at the zone center. In contrast, the A
excitation showed no discernible dispersion within the applied energy resolution.
For completeness, the RIXS data are compared with the amplitude spin excitation
mode reported by INS [36]
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Fig. 3.9 (a) The in plane momentum dependence of the RIXS spectra at planar reso-
nance recorded with LH polarisation. The dashed lines are guides to the eye.
(b) Extracted dispersion along the Q = (h, 0) direction of the A and B exci-
tations in meV. The dispersion is defined by the peak maxima, which in the
case of the B excitation, is derived from a derivative of the spectra. Error bars
indicate standard deviations 3σ and σ for the A and B, respectively. Compar-
ison to the spin excitation branch observed by neutron scattering (reproduced
from [36]) along the same direction is also shown. Dashed lines are guides to
the eye.

3.4 Discussion and Analysis
As discussed before, several studies have been done and different theoretical mod-
els have been proposed to understand the nature of Mott insulating state in
Ca2RuO4. Some of these models have proposed that the crystal fields drive the
dxy states insulating and the Mott physics is induced on the resulting half-filled
dxz/yz bands [27, 112, 118]. ARPES study on the paramagnetic Mott insulating
state also supports this combined band-Mott scenario [52]. Our XAS and RIXS
spectra strongly support the scenario of complete orbital polarisation with almost
fully occupied dxy orbital. As the XAS process involves - a core electron being
excited to an empty state, it is a probe of the unoccupied part of the electronic
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structure of the system [134]. When the dxy orbital is almost completely filled, it
is inaccessible to the XAS process. Therefore dxz and dyz are the main active t2g
states available for absorption. Our XAS results shown in Fig 3.5 are in perfect
accordance with this picture. With the aid of the schematic shown in Fig 3.4 panel
(b), one can understand how different orbital selectivity can be achieved by vary-
ing the polarisations of the impinging photon. This allows to select the oxygen site
(planar/ apical) at which the promotion of 1s core electron to a 2p valence state
occur which in - turn affects their hybridisation with Ru 4d orbitals at the different
oxygen sites. For example near the grazing incident condition using LH polariza-
tion, the core electron is promoted to the pz oxygen orbital that, at the planar site,
hybridizes with Ru-dxz/yz . Indeed, a pronounced response can be observed at the
planar oxygen K - edge resonance while the apical oxygen contribution is strongly
suppressed. With the same polarisation, when the incident angle is changed from
grazing to normal condition, the oxygen px orbital is activated which hybridises
with Ru-dxy orbital at planar site and dxz at the apical site. Correspondingly the
XAS response shows a prominent peak at the apical resonance. Our XAS results
thus suggest that the unoccupied t2g sites have predominant dxz/yz character. The
intensities of the RIXS spectra shows same trend as the XAS response (Fig 3.7).
The excitations B and D are more pronounced in the grazing incidence condition
for LH polarisation at the planar oxygen resonance where the oxygen hybridisation
with the Ru dxz/yz orbitals are optimised. This leads to the conclusion that these
excitations are intimately linked to the unoccupied dxz/yz states. The A excitation
in contrast can be seen on both apical and planar resonances with both LH and
LV polarisation (Figs 3.8 (a), (b)) which suggests that the orbital character of this
excitation involves a mixture of dxy and dxz/yz states.

To gain insight into the origin of the various features observed in the spectra,
the polarisation dependent RIXS intensity at the oxygen K - edge is calculated by
considering the cross section associated with the transition from the oxygen core
1s to 2pk (k = x, y, z) level within the fast collision approximation [77, 135]. The
generic amplitude of the cross section is expressed as

A(pk) =
∑
j∈Op

∑
m,σ

∣∣∣ 〈m|pj,k,σp†j,k,σ|0〉∣∣∣2δ[ω − (Em − E0)] (3.1)

where p†j,k,σ creates an electron with spin σ in the 2pk orbital (where k=x,y,z)
at the oxygen site j (planar/apical) and Em and E0 are the energies of the excited
states 〈m| and the ground state |0〉 respectively. To discuss the spectra presented
in Fig 3.7, computation of RIXS crosssection of a Ru-O-Ru cluster is considered
for which the spectra is determined by the exact diagonalisation of the Hamilto-
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Fig. 3.10 Comparison of the experimental spectra shown in Fig 3.7 with the calculated
RIXS spectra (panels(c)and (d)) for the planar site with respect to linear
horizontal and vertical light polarization (see text for a detailed explanation
of the model). Green lines indicate the expected excitations, and the solid red
line is obtained by Gaussian convolution to mimic instrumental resolution. A
standard deviation of σ = 70 meV was applied whereas σ = 7 meV was used
for the inset, which displays a zoom on the lowest excitations at around 40
meV.

nian [136]. The local ruthenium Hamiltonian consists of three terms - (1) The
spin orbit coupling λ, (2) total Coulomb interaction for the t2g electrons which
is expanded into intra orbital Coulomb interaction U and inter orbital electron-
electron interaction set by U − 5JH/2 where JH is the Hund’s coupling term. For
a rotationally symmetric system the pair hopping term and the Hund’s coupling
are both of strength JH , (3) tetragonal crystal field potential δ between the t2g
orbitals. To evaluate the model, material specific values δ = 0.3 eV, λ = 0.075 eV,
U = 2 eV and JH = 0.5 eV are used [31, 129, 137]. These values are similar to
those used in the DMFT calculations in the ARPES study by Sutter et al.. [52].
The ratio of δ/2λ = 2 is comparable to the values used in the inelastic neutron
scattering study by Jain et al.. [36].

Fig 3.10, panels (c) and (d) show the calculated RIXS spectra for planar oxy-
gen sites for horizontal and vertical polarisations. The aim is to understand the
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nature of the intermediate and high energy excitations in the experimental RIXS
spectra vis-a-vis the role played by Coulomb interaction and Hund’s coupling. Al-
though qualitatively the model is not very sensitive to the exact set of parameters
and the ratio of spectral weight between the low and high energy excitations for
horizontal polarization is different from the data, the results presented in Fig 3.10
qualitatively reproduce the experimental spectra. In particular, the excitation at
about 2.2 eV as well as the polarization dependence of the spectral weight. The
spectra exhibits clear features at about 1 eV and 2 eV and these correspond to
singlet to triplet transitions occuring at a single ruthenium site or at two neigh-
bouring ruthenium sites set by energies ~2JH and 4JH respectively. This provides
an explanation for the possible origin of the observed C and D excitations in
the experimental spectra. When Ru-O-Ru bond is considered, the configuration
d5−2p2−d3 represent the lowest energy intermediate states that enter spin orbital
exchange processes when the total number of doubly occupied orbitals at the Ru
site are held fixed. The configurations of the type d6 − 2p0 and d5 − 2p1 represent
the higher energy states [136].
To elucidate the nature of the low energy excitations, we focus on the d4 electronic
configuration at a single local Ru site. With 4 electrons in the Ru4+ state that
fill the t2g subspace, the local Ru configurations can be denoted as |d4;nd = 1〉
and |d4;nd = 2〉 where nd denotes the number of doubly occupied orbitals- dubbed
"doublons". In the nd = 2 subspace, the states are doubly occupied and the elec-
trons pair to form spin singlet configuration. In the nd = 1 subspace the electrons
in the doubly occupied site forms a singlet while the other 2 electrons can be in
spin singlet/ triplet states. The eigen states of the local ruthenium Hamiltonian
projected on the spin triplet subspace represent the low energy excitations within
the |d4;nd = 1〉 sector.

Fig 3.11 (a) shows the evolution of the energy eigen values for the material
specific value of tetragonal crystal field splitting δ = 0.3eV as a function of spin
orbit coupling λ. The sector is made of 9 spin orbit entangled states grouped into
two blocks . Based on the energy diagram, for vanishing spin orbit coupling i.e
λ = 0, the blocks are three fold and six fold degenerate respectively. As seen in
the energy spectrum, the 6-fold degenerate excitation sector ( dubbed β ) with a
doublon in dxz/yz orbitals is separated from the ground state three fold degenerate
sector ( dubbed α ) with the doublon in the dxy orbital by an energy set by the
crystal field splitting δ = 0.3 eV. A Finite spin orbit coupling lifts the degeneracy
of the sectors by introducing a splitting of about λ2/δ and 2λ respectively and
it mixes the orbitalcharacter of the doublon state and can be seen schematically
depicted in Fig 3.11 (b).
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Fig. 3.11 (a) Energy spectrum of the S = 1 and one doublon
∣∣d4;nd = 1

〉
of the local

ruthenium Hamiltonian projected on the spin triplet subspace as a function
of SO coupling λ, for a representative value of the tetragonal crystal field
splitting δ = 0.3 eV. The sector of the lowest energy levels are made of 9 spin
orbit entangled states which are grouped into 2 distinct blocks. Taken from
Ref. [136]. (b) Schematics of low-lying energy levels of an interacting model
for a single ruthenium site for spin-orbit coupling λ set to zero (left) and to
the material specific value of 0.075eV (right). With d4 configuration, one of
the dxy/xz/yz orbital is doubly occupied, and the other two singly occupied
electrons are in a spin-triplet state. The degeneracies of the two sectors
denoted by α and β are lifted by a finite spin-orbit coupling . The character
of the doubly occupied orbital is displayed along with a color scale indicating
the directional dependence of the total spin mz moment.

The transitions within the α manifold at the Ruthenium site give rise to exci-
tations around 50 meV range which has been studied using INS studies by Jain et
al.. [36] (reproduced in Fig 3.9 (b)). Raman scattering studies by Souliou et al..
[37] revealed two excitations around 80 meV and associated them with two-Higgs
and two-magnon scattering modes. The A excitation present in our spectra can
hence be attributed to an excitation of magnetic origin. The calculated RIXS
spectra (shown in Fig 3.10 panels (c) and (d)) show distinct excitations in the
energy range at about ~40 meV. It can be assigned to the amplitude and phase
excitations arising from the effective Jeff = 1 configurations in the α sector. Our
cluster analysis, by construction, does not allow us to obtain multiple amplitude
excitations associated with the interacting Jeff = 1. However, a two-scattering
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mode (i.e., near 80 meV) is, in principle, expected and would emerge in a larger
cluster calculation, eventually considering the RIXS cross section at the oxygen
K edge beyond the fast collision approximation. The predicted 40 meV magnetic
mode, observed by neutron scattering, should, in principle, also enter into the
RIXS cross section. Although, it is not observed in our experiment because of the
finite energy resolution, recent RIXS studied on the Ru L3-edge showed the pres-
ence of these magnetic excitations at around 50 meV consistent with the neutron
and Raman scattering results [61].

The calculated spectra also shows a set of excitations in the range ~0.3 eV to
0.6 eV which arise from transitions between the α and β sectors at the Ru site
depending only on the crystal field splitting and spin- orbit coupling. The low en-
ergy peak B observed at around ~400 meV in our RIXS spectra hence corresponds
to a spin-orbit excitation. A recent RIXS study [61] has also observed this low
energy spin -orbit driven excitation around 320 meV in reasonable agreement with
this work. The broadness of the B excitation and its light polarisation dependence
is interpreted as a consequence of the internal structure of the β sector. The Fig
3.8 (a) shows how the B peak can be fitted with two internal levels labelled B1

and B2 whose line widths and peak positions are kept fixed while peak amplitude
is left as an open parameter. The fits thus describe the observed momentum and
polarisation dependence. The internal peaks as shown in Fig 3.8 (a) show a dras-
tic variation in amplitude with change in polarisation for a fixed incident angle
(momentum transfer) which points towards the internal orbital structure of the B
excitation. This broad peak observed in our RIXS study shows a marked difference
to the sharp peak observed in the RIXS study on Sr2IrO4, which was attributed
to the presence of a propogating excitonic quasi particle in this strongly spin orbit
coupled Mott insulator [138].

Matrix element effects can modulate the intrinsic intensities of the spectra
depending on the experimental geometry, light polarisation and photon energy.
The internal structure of the B excitation raises the need to clarify that this effect
does not stem from matrix element effects.

When the incident photon angle–hence the momentum transfer– is varied with
the same polarisation (here LH) as discussed before, it results in a switch between
the different p orbitals of the oxygen(px and pz for normal and grazing respec-
tively). Fig 3.8 (c) shows the expected sensitivity to the pz and px oxygen orbitals
and the fitted peak amplitudes of the B1 and B2 internal levels. As they vary only
weakly with momentum, the matrix element effect can be crossed out as a plausi-
ble explanation for the observed dispersion. We thus conclude that the dispersion
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Fig. 3.12 Schematic of an oxygen K - edge RIXS process creating a local excitation
between the α and β sectors and its subsequent propagation by second order
exchange processes. The nearest-neighbor exchange couplings are denoted as
JA between sites in the α sector and JAB between α and β sectors.

is intrinsic, which in turn indicates the itinerant nature of this sector.

The nature of the low energy excitations are hence related to the one doublon
triplet states at a single Ru site in the α, β sector and as previously concluded,
the RIXS process allows to have an excitation of B character at the Ru site. When
charge hopping between ruthenium-ruthenium via oxygen sites are reinstated these
local spin- orbit excitations can propagate via second order exchange processes with
configuration d5 − d3 of the Ru-d orbitals of the neighbouring sites, schematically
illustrated in Fig 3.12.

Within second-order perturbation theory, using the Ru-Ru hopping parameter,
t~ 0.3 eV from [27] an estimate of the band width of the spin orbit excitation is
obtained in the range of ~30-40 meV at characteristic parameters defined earlier
- λ = 75 meV, U = 2.2 eV, and JH = 0.4 eV. It is furthermore expected that
excitations in the α sector exhibit a weaker dispersion due to the smaller exchange
amplitude between the Jeff = 1 modes. Our model thus qualitatively accounts for
the fact that the B excitation disperses about 30 meV over half a zone, whereas
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the A excitation, according to inelastic neutron scattering [36] as shown in Fig 3.9
(b), disperses no more than 20 meV over the entire zone.

3.5 Conclusions
To summarise, a comprehensive oxygen K - edge RIXS study has been carried
out in the AFM phase of the Mott insulator Ca2RuO4. The strong polarisation
dependence of the signal evident in the XAS and consequently in the RIXS spectra
has been interpreted as a direct manifestation of a band- Mott insulating nature
of Ca214. The varying polarisation and incident angle has been shown to activate
different O-p orbitals that hybridises primarily with Ru-t2g states dxz/yz. The
dispersive excitations observed at ~400 meV is shown to be driven by spin-orbit
coupling. The spin-orbit coupling is also relevant for activating the high-energy
(about 2.2 eV) nondispersive excitations by the RIXS process, achieved by local
conversion of triplet into singlet states. For realistic values of crystal fields, Hund’s
coupling JH , Coulomb interaction U, and SOC, all salient features of the RIXS
spectra were captured with minimal theoretical modeling. Our results demonstrate
that Ca2RuO4 is a Mott insulator with a paradigmatic competition between SOC
and crystal-field energy scales. Combining RIXS data and theoretical modelling,
we have unveiled how spin-orbital entangled excitations manifest within a spin-
orbit-coupled band-Mott insulator. The recent study on Ca2RuO4 by Gretarsson
et al.. [61] using Ru-L3 edge RIXS, have shown the presence of a peak at around
50 meV of magnetic origin attributed to transverse magnons and Higgs mode
consistent with the Raman and INS studies [36, 37] (See Figure 3.13).

Fig. 3.13 RIXS spectrum of Ca2RuO4 at the Ru-L3 edge (2838.5 eV) taken at θ = 60°
shows a four component spectral feature in the energy range between 0 to 1 eV.
The fit shows features at energies 50meV, 320 meV, 750 meV and 1000meV.
Taken from Ref: [61]
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This study also detected the presence of Hund’s rule driven spin state transi-
tions at 0.75 eV and 1 eV which were not seen in our results, but which appeared
rather as a broad peak at around 1.3 eV. Due to insufficient energy resolution these
low energy modes could not be individually resolved. For future studies, it would
be of great interest to further resolve the internal structure of the low-energy ex-
citations. As synchrotrons are being upgraded for diffraction limited experiments,
flux and resolution at the oxygen K edge will improve. In particular, enhanced
energy resolution, in combination with the light polarization analysis put forward
here, would allow us to study important information on different orbital charac-
ters of these excitations. With gains in energy resolution, the RIXS technique will
enter further into the spin-excitation sector.

The results of this chapter have been published in: .Das, L., et al.. "Spin-
Orbital Excitations in Ca2RuO4 Revealed by Resonant Inelastic x - ray Scattering."
Physical Review X 8.1(2018) : 011048

70





Chapter 4

Magnetotransport study on
Ca3Ru2O7

4.1 Introduction

Ca3Ru2O7 (CRO 327) is the n = 2 bilayer member of the Ruddleson-Popper se-
ries Can+1RunO3n+1 [7]. It exhibits signature of metallic and semi-metallic phases
and hosts a vast array of exotic properties including colossal magnetoresistance
[15, 68, 139], Shubnikov-dehaas oscillations [15, 66, 140], spin valve effect [141],
metamagnetic transition etc. The system also has been recently shown to have
topological Hall effect stemming from non collinear spin structures [13].
The bilayer crystallises in the perovskite-like (shown in Fig 4.1) non - centrosym-
metric orthorhombic polar-structure and belongs to the space group Bb21m with
a = 0.5396 nm, b = 0.5545 nm, and c = 1.961 nm. [67] The crystal structure,
similar to its fellow memebers in the RP series, is distorted and the intriguing
physical properties stem from the distortions and the tilting and rotation of the
RuO octahedra. [7]

In zero magnetic field, the system undergoes a transition from paramagnetic
metallic state to antiferromagnetic metallic state at Néel transition temperature
TN = 56 K defined as AFM-a state with ferromagnetic bilayers stacked antifer-
romagnetically along the crystallographic c axis with magnetic moments along a-
axis. This is followed by a Mott like transition at 48 K with dramatic decrease in
conductivity which is accompanied by a shortening of the c- axis lattice parame-
ter. The magnetic moments now reorient along b- axis and the state is dubbed as
AFM-b state. On cooling down the system further, the in-plane resistivity becomes
metallic and the system regains the Fermi liquid behavior below 30 K. [67, 72]
Recent ARPES measurements have shown that the Ca3Ru2O7 is an electronically
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Fig. 4.1 (a) Crystal structure of Ca3Ru2O7. Taken from Ref. [142]. (b) Low temper-
ature phase diagram of CRO327. This study by Puggioni et al.. assigned a
charge (spin) density wave transition to TCDW = 30 K, along with broken
translational symmetry from (Bb21m → Pn21a) . Taken from Ref. [143]

driven Dirac semi metal at low temperature and has an anisotropic Fermi surface
with small electron like pockets along the short a- axis and boomerang shaped
Fermi surface sheets along long b -axis [14]. The system was shown to undergo
a two phase reconstruction of the Fermi surface concomitant with the character-
istic temperatures discussed above- at Ts = 48 K the electronic reconstruction
appears and the system settles into low temperature structure below T ∗ = 30 K.
The understanding of electronic structure of the CRO 327 system by various stud-
ies including the ARPES study mentioned above, the Quantum oscillation study
by Kikugawa et al.. [66] and transport measurements [72] have established the
presence of both electron and hole pockets and a partial gap opening in the Fermi
surface.
Ambipolar transport – combination of electron and hole carriers – is a commonly
occuring theme in condensed matter physics and crucial in defining the transport
properties of semimetals [144]. The evidence of both electron and hole like bands
in CRO 327 at low temperatures enable us to analyse the results of our low tem-
perature, low field magnetotransport measurements by utilising a two–band Drude
model for conductivity. The model is then used as a prelude towards a more gen-
eralised analytical scheme for application to several other two–band systems.
With this study, we express ratio of carrier densities in terms of two dimensionless
parameters dubbed α and β and variation of these quantities in the (α, β) phase
space is used to seamlessly connect the compensated and monocarrier dominated
regimes. If the densities of the carriers are known from ARPES or Quantum
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Oscillation measurements, α and β can be determined from magnetotransport
measurements.
In the following sections, a systematic study of magnetotransport measurements in
the semimetallic phase of CRO 327 system has been done and a simple generalised
analysis scheme involving (α, β) has been proposed as an easy and robust check
for a system’s compliance or the lack thereof with a two–band model.

4.2 Methods

High quality single crystals were grown by floating zone techniques [124, 125]. The
crystals were detwinned, by pressing along an orthorhombic axis, using a thermo-
mechanical detwinning device [110]. This is achieved by heating the sample to high
temperature and progressively applying pressure while simultaneously observing
the disappearance of multiple domains through a polarized microscope. The c-axis
of the samples were determined by using Laue x - ray diffraction technique . The
longitudinal resistivity, Hall, magnetization and thermal transport measurements
were carried out using Four probe technique in the the Quantum Design Mag-
netic Property Measurement system and Physical Property Measurement System
with magnetic field H applied along the crystallographic c-axis. Current and tem-
perature gradient were applied along the orthorhombic b- axis (the longer lattice
parameter) . Thermopower and Nernst measurements were done with the aid of a
home built insert for the PPMS. The temperature gradient was created by using
linear pattern high resistance strain gauge as a heater device and the gradient was
held fixed about 2-3% of the base temperature. Calibrated Cernox thermometer
chips at the hot and cold end of the sample were used to measure the gradient
established. The current to create the desired thermal gradient across the sam-
ple was applied with Keithley precision current source and the longitudinal and
transverse voltage that develop across the sample were measured with Keithley
nanovoltmeters used in conjunction with home built nanaovolt amplifiers.

4.3 Results

Here we report the magnetotransport and thermoelectric measurements on the
detwinned single crystal of Ca3Ru2O7 with current applied parallel to b- axis and
field along crystallographic c- axis. The information obtained from these measure-
ments are then used as a starting point to probe the (α,β) phase space. The zero
field longitudinal resistivity as a function of temperature is plotted in Fig 4.2 (a).
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Fig. 4.2 (a) Resistivity ρxx as function of temperature T measured for zero field.The
vertical dashed lines indicate the onset of AFM-a and AFM-b phases indicated
by TN = 56 K and Ts = 48 K repectively. (b) Zero field thermopower with
∇T ‖ b

The resistivity curve shows signatures of the relevant transitions in the system.
Three temperatures can be identified at first glance, as indicated in Fig 4.2 (a).
At high temperatures the behavior is metallic. At TN = 56 K the curve shows a
sharp downward kink indicating the Néel transition from paramagnetic metal to
an antiferromagnetic metal state dubbed AFM-a with magnetic moments aligned
along the crystallographic a- axis. On further cooling at Ts = 48 K a structural
transition occurs where the conductivity drops drastically. This is associated with
a first order phase transition where the crystal structure remains unchanged , but
has a compression of c axis lattice parameter and the reorientation of moments
along the b axis – a state dubbed as AFM-b state [141]. At around 30 K an-
other transition can be seen in the resistivity curve, which has been in a recent
ARPES study, attributed to a concomitant Fermi surface reconstruction in the
system [14]. Below 30 K,the system regains the metallic state and the resistiv-
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Fig. 4.3 (a) Hall isotherms versus field at some representative temperatures as indi-
cated. Inset shows the low field Hall coefficient RH = ρxy/H (b) Magnetore-
sistance (ρxx(H) − ρxx(0))/ρxx(0), as a function of H2 for temperatures as
indicated. Gray solid lines are linear fits.

ity correspondingly shows T 2 behavior characteristic of FL. Fig 4.2 (b) shows the
thermopower measurement along b-axis and it closely follows the resistivity curve
with the different characteristic temperatures clearly visible. Though the Néel
transition cannot be seen in the thermopower curve, the structural transition at
Ts = 48 K is signalled by a sharp sign change of seebeck coefficient. At 30 K
there is another change in the sign from negative to positive of the Seebeck co-
efficient. These results are consistent with the results obtained by Xing et al.. [72]

Fig 4.3 (a) shows the Hall isotherms for temperatures indicated and is consis-
tent with the previous reports [72] with the Hall resistivity showing negative values
for T < Ts. The magnetoresistance data plotted as (ρxx(H)− ρxx(0))/ρxx(0) ver-
sus H2 is shown in Fig 4.3 (b) at various representative temperatures. The low
temperature MR and the calculated mobility, ∆ρ(H)/ρ(0) = (µH)2, which gives
µ = 0.1T−1 agrees with the previous studies [66, 72]. The temperature depen-
dence of the magnetoresistance shows an intriguing behavior (shown as a colorplot
in Fig 4.4 (a) ) with the field derivative of resistivity given by (dρxx/dH) exhibiting
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Fig. 4.4 (a) Magnetic field derivative of resistivity, dρxx

dH plotted as a function of field and
temperature. Red(Blue) color indicates positive(negative)magnetoresistance.
(b) Susceptibility measurement in an applied field of 5 K Oe in field cooled and
zero field cooled condition. The bifurcation below 48 K could point towards
the existence of ferromagnetic correlations in the system.

small and positive values for T > Ts, whereas in the 30 K< T < Ts range it turns
negative before turning to large positive values in the T → 0 limit. There seemes
to exist a clear correlation between the onset of the negative magnetoresistance
and the history dependent magnetic susceptibility measurements as shown in Fig
4.4 (b).

Low temperature Hall and Magnetisation isotherms show different responses
to the applied field. Fig 4.5(a) shows the magnetisation in the field that shows
a linear trend whereas the Hall resistivity displays a non linear field dependence
at higher fields, indicating that these quantities are not directly coupled. Linear
behaviour of the magnetisation in the temperature range of interest rule out the
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Fig. 4.5 Low temperature magnetisation, resistivity and Hall isotherms. (a) Hall and
magnetisation isotherms plotted as a function of magnetic field H for temper-
atures as indicated. (b) MR isotherm at 10 K as a function of H2. The dashed
red line represents the two–carrier model including higher order terms in H2

possibility of anomalous contributions to the total Hall response [13]. Also, though
the resistivity ρxx exhibits linear behavior w.r.t H2 in the low field regime, sig-
nificant deviations from this trend can be seen at higher fields as shown in Fig
4.5 (b).

4.4 Analysis and Modelling
The low – temperature, low – field behavior of the bilayer ruthenate, as discussed
above, is characteristic of a metal with two Fermi surface sheets of different cur-
vature and two dominant charge carriers [145]. To construct a framework for
discussing and analysing the results obtained from magnetotransport measure-

77



Chapter 4. Magnetotransport study on Ca3Ru2O7

ments we employ a simple two carrier Drude model with the assumption of field
independent electron and hole carrier densities and mobilities.

ρxx(H) = (σh + σe) + σhσe(σhRh
2 + σe|Re|2)H2

(σh + σe)2 + σh2σe2(Rh − |Re|)2H2 , (4.1)

ρxy(H) = σh
2Rh − σe2|Re| − σh2σe

2Rh|Re|(Rh − |Re|)H2

(σh + σe)2 + σh2σe2(Rh − |Re|)2H2 H. (4.2)

The model has four parameters σe/(h) and Re/(h) that denotes the electron(or
hole) conducitvities and Hall coefficients respectively , given by

σi = nieµi

Ri = 1
ne

(4.3)

where µi is the mobility of the electron(hole) carriers and e is the electronic
charge. Here one emphasize that the validity of the formulation relies on the
assumptions of no change in carrier properties and no field induced Fermi surface
changes in the region of interest. Analysing two equations with four unknown
parameters is constraining and here we make a few simplifying assumptions. In
zero field,

ρxx(H = 0) = 1
(σh + σe)

≡ 1
σ
, (4.4)

For simplicity, we assume the electron carrier density from previous ARPES and
Quantum Oscillation measurements [14, 66]. The problem now reduces to 2 un-
known parameters. To simplify further we express ρxx(H) and ρxy(H) to the lowest
order in magnitude in H.

lim
H→0

ρxx(H) = 1
σ

+ σhσe[σhRh + σe|Re|]2H2

σ3 ≡ σ−1 + CH2 (4.5)

where
C = σhσe[σhRh + σe|Re|]2

σ3 (4.6)

The quantity C can be easily determined from the slope of the magnetoresis-
tance versus H2 plot as shown in figure 4.3(b) for a representative low temperature
data set.

lim
H→0

ρxy(H)
H

≡ RH = [σh2Rh − σe2|Re|]
σ2 (4.7)
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Now we have reduced the problem to two equations with two unknowns - σh
and Rh.

Equation 4.6 is then refashioned and Rh is written in terms of C, σ and σh
given by

Rh =

√√√√ Cσ3

σh3(σ − σh)
− (σ − σh)Re

σh
(4.8)

where σ − σh ≡ σe.
Similarly from Equation 4.6 Rh is now expressed in terms of other known param-
eters namely RH , σ and Re given by,

Rh = [RHσ
2 + (σ − σh)2|Re|]

σh2 (4.9)

Equating Equations 4.8 and 4.9 we have an expression with σh as the only
unknown parameter,

[RHσ
2 + |Re|(σ − σh)2]

σh2 + (σ − σh)|Re|
σh

−

√√√√ Cσ3

(σ − σh)σh3 = 0 (4.10)

Solving equation 4.10 in Mathematica yields analytical expression for σh in
terms of known parameters C, σ, RH , and Re. Considering the real solution we
have σh given by

σh = 1
6|Re|2

[
[2σ|Re|(3|Re|+ 2RH)] + [2× 21/3σ|Re|2(σRH

2 − 3C)]
(D1 +D2)1/3 + 22/3[(D1 +D2)1/3]

]

D1 = −σ2|Re|3(2σRH
3 + 9C(3|Re|+ 2RH))

D2 = 3
√

3
√
Cσ3|Re|6[4σ2RH

3(|Re|+RH) + Cσ(27|Re|2 + 36|Re|RH + 8RH
2) + 4C2]
(4.11)

Although the equation 4.11 looks quite complicated it can be easily reduced to
a compact form in terms of two dimensionless parameters α and β given by

σh
σ

= A1 + A2

[A3 + A4]1/3 + 1
3× 21/3 [A3 + A4]1/3

= F(α, β)
(4.12)

79



Chapter 4. Magnetotransport study on Ca3Ru2O7

with Ai’s defined as follows

A1 = 1 + 2
3α,

A2 =
3
√

2
3
(
α2 − β

)
,

A3 = −[2α3 + 3β(2α + 3)],

A4 =
√

3β
√

4β
3 + 12α3(1 + α)

β
+ (27 + 36α + 8α2)

(4.13)

where the dimensionless parameters are defined as α ≡ RH

|Re|
and β ≡ 3C

σRe
2

With σh
σ

= F(α, β), and using the relation α = RH

|Re|
and equation 4.7 one can

find a similar expression for the ratios of the Hall coefficients of electron and hole
carriers given by

Rh

Re

= α + [1−F(α, β)]2
[F(α, β)]2

= G(α, β)

= ne
nh

(4.14)

where ne/h are the electron/ hole carrier density.
Similarly, the mobility ratios can be expressed as

µh
µe

= G(α, β)
[
F(α, β)

1−F(α, β)

]
(4.15)

Hence using these formulations we have described the ratio of carrier densities,
conductivities and mobilities within the phase space of the two dimensionless pa-
rameters α and β. The solutions to the two–band model for conductivity ratios
carrier density ratios and mobility ratios can be seen in Figs 4.6 (a), (b) and (c).

The parameter α = RH

|Re|
is more intuitive and relevant in our discussion as it

defines the domain of the region of interest. Within the framework of the electron-
hole two–band model, α varies from −1 ≤ α < ∞ (with the range defined by
whether the conductivity is dominated by electrons or holes). α ≈ −1 defines
the electron dominated regime in conductivity, where as |α| ≈ 0 describes the
compensated regime with comparable contributions from electron and hole carriers
to the conductivity. Next we discuss the properties of our solutions.
To have a better grasp of the function F(α, β) given by Equation 4.12 we find the
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Fig. 4.6 Solution to the two-band model. (a) and (b) (c) Carrier density ratio ne/nh
conductivity ratio σh/σ, and mobility ratio µh/µe versus the dimensionless
parameters α and

√
β. Dashed lines are contours of the respective quantities.

Solution are found for β > α2 . The ne/nh = 1 contour line, given by β =
3(1−α2)/4 indicate the border between hole and electron "doped" regimes. The
parameter space around β = α = 1 represents the ne � nh regime whereas
ne � nh is found for β, α→ 0. A system obeying the Luttingers sum rule, will
be staying on a fixed ne/nh = 1 contour line.

range where the solutions are real and feasible in the domain −1 ≤ α < ∞ and
β ≥ 0 (as the MR is positive within the scope of the model) given by the condition

A3 + A4 > 0 (4.16)

Solving this we have solutions to the two–band model possible only when

β > α2

=⇒ C

σRH
2 > 1/3

(4.17)

Since we have the condition described by all measurable quantities – C, σ and RH

– independent of our initial assumption of Re, this provides a quick and direct
applicability test for a system’s compliance with a two–band model.
As long as the carrier density ratios remain constant (ne + nh = ne(1 + G−1) =
Constant), the system stays on constant curved (α, β) trajectories (See fig 4.6 (a)).
Deviations from the trajectories implies a change in filling, possible reconstruction
of the Fermi surface, possible emergence of multiband structures or that the two–
band model is too simplistic an approach to explain the obtained results.
In the most simple case when a system is assumed to lie on the ne/ne = 1 contour
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line (or equivalently Rh = Re), the equations 4.6 and 4.7 can be rewritten as
follows

RH = Re(σh − σe)
σ

C = Re
2σhσe
σ

(4.18)

Using these in α = RH

Re

and β = 3C
σRe

2 , we have for the ne
nh

= 1 contour line

β = 3(1− α2)
4 which provides us with another solution property. If a system is

known to be hole doped, i.e nh > ne we have the boundaries defined as follows

β <
3(1− α2)

4

|α| <
√

3
7

(4.19)

4.5 Discussion

With the formulation, boundary conditions, solution properties and criterias es-
tablished in the previous section, we can now check for the applicability of our
analysis scheme, for the sample we have measured and samples taken from other
studies/references, to look for agreement with a two–band model .
Recent ARPES data suggest that Ca3Ru2O7 is a semimetal at low temperatures
with one electron pocket and two identical hole pockets.

Fig 4.7 (b) shows a pictorial depiction of the Fermi surface of Ca3Ru2O7

at T < 30 K [14]. The electron pocket, corresponds to a carrier density of
ne = 7.8× 1024m−3 and is consistent with dominant quantum oscillation frequency
in the study by Kikugawa et al. [66]. From this the electron Hall coefficient can
be calculated with Re = −1/ene. Using our low field magnetoresistance data at
a representative temperature of 10 K, and substituting these values in equations
4.12 and 4.14 we have α = −0.21, β = 0.8, σh

σ
= 0.36, Rh

Re

= 1.26, µe
µh

= 1.6.
The estimates for α and β position our system in the "sweet spot" within the di-
mensionless phase space (postion of Ca3Ru2O7 within the phase space is indicated
by red sphere in Fig 4.6). Our conclusion – the majority carriers being electrons
– is consistent with the low temperature ARPES derived Fermi surface. Also, the
implication of our results that the electrons are more mobile than the holes is con-
sistent with the quantum oscillation study where the largest oscillation amplitude
is found for the frequency corresponding to the electron pocket in the ARPES
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Fig. 4.7 Schematic representation of Fermi surfaces of two carrier systems. The blue
and red structures represent hole like and lectron like pockets respectively.
(a)The Fermi surface in PCCO after folding/reconstruction around the anti-
ferromagnetic zone boundary. (b) and (c) Evolution of Fermi surface with
temperature in Ca3Ru2O7. ARPES studies point towrads a complex structure
of the electron like pocket. Adapted from reference [14]

measurement.

The analytic formulation presented here combined with magnetotransport mea-
surements can be applied to several other systems. In the next section we dis-
cuss its application to cuprate superconductors Pr1.86Cr0.14CuO4±δ (PCCO) and
YBa2Cu4O8.

Let us consider the underdoped systems of YBa2Cu3Oy with y = 6.51, y = 6.67
and YBa2Cu4O8 [146, 147]. Since the system is hole doped, we have, nh > ne. Cal-
culating the parameter α from the Hall measurements, we have α ≈ −1 , this is
a direct contradiction to our previously established condition for hole doped sys-
tems given by equation 4.19. Similarly, calculation of β positions the system in
the ne � nh region where σh → 0 (see Fig 4.6). An explanation for this appar-
ent contradiction and the breakdown of the model has been attributed to a FS
reconstruction in the system due to a charge density wave order, resulting in a
complex multi band structure outside the bounds of our two–band model. The
Hall effect measurements have shown that the system has negative Hall coefficient,
RH , in the normal state at low temperature and is estimated from quantum os-
cillation measurements to be around −29mm3/C. Our easy and direct test point
towards the possibility of the system having electron pockets in the Fermi surface.
Eventhough the material is hole doped the mobilities of the electron like parts are
strong enough to outweigh the contribution from the hole like parts resulting in a
negative Hall coefficient. As band structure calculations within the Local Density
Approximation (LDA) do not support the presence of electron like pockets, it was
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pointed out that there could be a reconstruction of the Fermi surface due to the
onset of a charge wave density phase.
In the electron doped compound of Pr1.86Cr0.14CuO4±δ [148], quantum oscillation
measurements revealed the presence of small hole like pocket in the Fermi surface
(See Fig 4.7 (a)). Since the system is electron doped, ne > nh is to be expected.
From Hall effect measurements however RH is positive at low temperatures and
exhibits sign change that point towards multiband behavior. ARPES experiments
have shown the possibility of a reconstructed Fermi surface with two hole like and
one electron like pocket around the reduced AFM brillouin zone. The size of the
hole pocket estimated from the dominant frequency in the quantum oscillation
experiments has been approximated to be about 1% of the Brillouin zone. The
Hall effect measurements however estimates it to be around 33%. The contribu-
tion from the much larger electron pockets are absent in the oscillation frequency.
Since here we have Rh � Re, α� 1 and evaluation of the MR yields β ≈ 0.03 less
than 3(1− α2)

4 . The system is thus compatible with a two – band model.

From the above discussions we have shown that the model and the analysis scheme
presented here sensibly describe the magnetotransport measurements. However it
has certain drawbacks. Even in the low temperature regime, 2 K < T < 30 K,
the dimensionless parameters α and β varies with temperature inconsistent with
a constant ne/nh contour (See Fig. 4.8).

The observation of negative magnetoresistance is another feature that the
model cannot account for (Fig 4.4). Also the formulation cannot explain the
pronounced deviation of the ρxx , ρxy data from the model at higher field regime
(shown in Fig 4.5). The apparent failure of the model can be attributed to the
following reasons. For a semimetal with electron like and hole like Fermi sur-
face, the magnetoresistance scales as δρ

ρ0
= 〈µ2

m〉B2 where µm = √µeµh [144]. In
semimetals like graphite and bismuth large magnetoresistance is seen which scales
as µeµhB2 and is attributed to the balanced hole- electron condition i.e ne = nh
[149–151]. As long as the resonance is maintained the MR and Hall isotherms in-
creases linearly without saturation. However in semimetals even a slight deviation
from perfect compensation i.e G 6= 1 will cause the MR to eventually saturate in
the high field regime [151] As shown in Figs 4.5 (a) and (b) we observe saturation
trend for the MR and Hall resistivity isotherm as higher field strength. Since we
have G ≈ 1 in our system, the saturation effect we see cannot be explained within
the scope of the two–band model. In general the deviation from linear behaviour
could correspond to non- trivial contributions- anomalous or topological to the
Hall resistivity. The anomalous contribution could be the result of intrinsic or
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Fig. 4.8 The variation of the dimensionless parameters α (shown in red) and β (shown in
blue) with respect to temperature inconsistent with a constant ne/nh contour
pointing towards the possibility of a T dependent carrier density even below
the FS reconstruction temperatures.

extrinsic scattering mechanisms [13]. In our magnetisation data shown in the
same panel it can be seen that it scales perfectly with field. Hence ferromagnetism
as a possible source of the saturating Hall resistivity can be excluded. So we can
conclude that the underlying assumption that the mobility is field independent is
not true in the B > 4T regime. Another possible cause for the inconsistency of
the model could be that the carrier density ratios are in fact temperature depen-
dent. Recent density-functional-theory (DFT) calculations [143] suggest a strong
coupling between detailed lattice structure and a temperature dependent Coulomb
interaction. Early neutron diffraction experiments demonstrated temperature de-
pendence of ruthenium-oxygen bond angles [67]. It is therefore not inconceivable
that the chemical potential and even the low-energy electronic structure is temper-
ature dependent. Recent ARPES studies [13, 14] has shown that the Fermi sur-
face undergoes a two stage reconstruction with characteristic temperature scales
at T ∗ = 30 K and Ts = 48 K. Since the negative magnetoresistance is found in the
same temperature range it is very likely linked to the intermediately reconstructed
complex Fermi surface and cannot be described within the confines of our model.
The temperature dependence of the susceptibility (see Fig 4.4(b)) shows a cusp at
Ts below which the magnetisation is history dependent and the zero field cooled
and the field cooled curves bifurcate. This could correspond to a spin glass like
transition in the system [98]. In a disordered magnetic system there could ex-
ist regions of magnetically ordered state even when the bulk is still magnetically
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disordered [152, 153]. For our present case, it can be described as a coexistence
of both antiferromagnetic and ferromagnetic fluctuations in the system. Recent
small angle neutron studies have shown metamagnetism and the existence of a
mixed state–where antiferromagnetism and ferromagnetism coexists at a jump
like transition in the magnetic phase diagram in the bilayer Ca3Ru2O7 [13]. In
the presence of ferromagnetic contributions, a negative magnetoresistance due to
electron- spin scattering can thus be observed as the applied field increases the ef-
fective field on the localised spins thereby suppressing their fluctuations resulting
in an overall reduction in resistivity [154]. The ferromagnetic correlations in the
system can hence describe the negative magnetoresistance in the 30K < T < 48K
range of temperature. The negative magnetoresistance is therefore likely linked
both to the electronic structure and the ferromagnetic properties that emerge in
Ca3Ru2O7 .

4.6 Conclusions
Magnetoresistance measurements were carried out in the bilayer ruthenate -Ca3Ru2O7.
Three characteristic temperature scales were identified which are intimately linked
to the accompanying Fermi surface reconstruction in the system. For T < 30K,
the system shows positive magnetoresistance, in the temperature range 30K <

T < 48K there is a cross over from positive to negative slope in the MR and for
T > 50K weak positive MR can be seen. We formulated a generalised scheme for
analysing the low temperature, low field magnetotransport data within the frame-
work of a two–band model. Though the model captures nicely the experimental
results in the low field and low temperature regime, it is rendered unusable in the
higher field and temperature regions. The limitation of the model includes its in-
ability to explain the negative slope in magnetoresistance in the 30 K < T <48 K.
Also, due to the temperature modulated two stage Fermi surface reconstruction in
the system, volume of the region enclosed by the Fermi surface and with that the
carrier density ratio is temperature dependent which violates the assumption on
which the model is developed. This in combination with the ferromagnetic fluctu-
ations generates the complicated behavior of magnetoresistance in Ca3Ru2O7.

86



Chapter 5

Conclusions

In summary, O-K edge RIXS study of the single layered ruthenate system –
Ca2RuO4 and electrical and thermoelectric measurements on the bilayer ruthenate
– Ca3Ru2O7 have been carried out. In the Ca214 system, using XAS and RIXS
studies new insights were obtained supported by theoretical modelling. There it
was shown that the Mott insulating transition driven by the change in structure
from long to short c - axis, drives the lower energy dxy orbital to band insulating
or fully filled state while the dxz/yz bands go Mott insulating. Four excitations
dubbed A,B,C and D were identified at energies 80 meV, 400 meV, 1.3 eV and 2.2
eV respectively that showed strong dependence on incident light polarisation. The
dispersive low energy excitation at 400 meV is interpreted as a strong spin orbit
coupling driven transition within the spin-triplet sector. This was also reproduced
in a later work by Gretarsson et al.. [61] where this transition was interpreted as
a spin orbit driven J = 0J = 0J = 0→ J = 2J = 2J = 2 excitation at 0.4 eV. The excitation at 80 meV
is of magnetic origin consistent with two magnon modes and Higgs mode reported
in the recent Raman and neutron scattering studies [36, 37]. The higher energy
excitations are Hund’s rule driven excitations corresponding to transitions from
spin-triplet to spin-singlet states at Ru sites. With higher energy resolution, the
study can be extended to obtain information about the orbital character of these
excitations. The development of new Ru-L3 edge RIXS spectrometer could pro-
vide impetus for further studies on the single layered ruthenate system and other
4d compounds unveiling the low energy spin excitation sectors.

In the bilayer ruthenate– Ca3Ru2O7, magnetoresistance measurements were
carried out. The system consist of two electron like and hole like bands and
ARPES studies and thermopower measurements have shown that with decrease
in temperature below T ∗ = 30K the chemical potential decreases and one of the
electron like bands in FS is gapped out while the hole like band and the other
electron like band survive, making it an effective two–band system at low temper-
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Chapter 5. Conclusions

atures. [14, 72]. With this as a starting point we have formulated in this thesis,
an analytical scheme for magnetotransport study for two–band system, where the
electron and hole carrier densities and conductivities are mapped into a dimen-
sionless phase space defined by two parameters α and β obtained from magnetore-
sistance and Hall measurements. This scheme is then applied to Ca3Ru2O7 and
the usability of the model is further extended to other systems like the cuprate
superconductors to check their compliance or lack thereof with a two–band model.

The last section of the thesis (in the appendix) describes the thermoelectric
measurements on Weyl semimetals – EuCd2As2 and PrAlGe, carried out using a
home built probe. The results showed the presence of anomalous contributions to
Hall and Nernst effect in these systems stemming from Berry curvature associated
with Weyl nodes. The experiments are still under way. With the field of topology
making great strides over the past few years in various applications like spintronics,
these materials are thus paradigm systems for providing useful insights into the
interplay between magnetism and topology.
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Appendix A

Thermoelectric Studies in
Miscellaneous Systems

This section discusses briefly the thermoelectric measurements in various systems
carried out using the custom made home built thermoelectric insert for PPMS
developed during the PhD period. Results of some of these measurements have
been published, and some are under preparation.

A.1 PrAlGe
Weyl semimetals (WSM) are topological conductors that host Weyl Fermions—
the low energy excitations of the WSM—and possess Weyl nodes which are the
crossing points of nondegenerate linearly dispersing bands in momentum space
[155]. PrAlGe belongs to the half heusler compounds in the RAlGe (R is a rare
earth) family and has been recently predicted to be magnetic Weyl semimetal that
breaks both time-reversal and inversion symmetry [99]. See Fig A.1

The study by chang et al.. [99] predicted that PrAlGe is a magnetic type I Weyl
semimetal that breaks both time reversal and inversion symmetry. The breaking
of the spatial inversion symmetry in this material facilitate the generation of Weyl
nodes and the ferromagnetism breaks the time reversal symmetry (TRS) and shifts
the momentum space location of the Weyl nodes. The TRS breaking in magnetic
materials results in the berry curvature that acts likes a magnetic field in k-space
and imparts an anomalous velocity to the charge carriers generating an intrinsic
anomalous Hall response characterised by generation of a transverse Hall voltage
even in the absence of magnetic field [98, 156]. Berry curvature can also generate
the thermal analogue of the anomalous Hall called the anomalous nernst effect
which creates an electric voltage perpendicular to both the magnetization and an
applied temperature gradient [157]. Destraz et al.. performed measurements with a
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Fig. A.1 (a) Crystal structure of PrAlGe with space-group I41md (No.109) composed of
stacks of Pr, Al, and Ge layers, with each layer having only one type of element
along the (001)direction. The arrows indicate the Pr- magnetic moments
aligned along c-axis. (b)-(c)Pictorial illustration of effect of magnetisation on
the location of Weyl nodes in k-space. Magnetisation shifts the Weyl nodes
resulting in observable anomalous transport signals in the system. Taken from
Reference [98]

range of experimental techniques on this material and unveiled the correspondence
between the easy c-axis Pr ferromagnetism and the anomalous Hall and nernst ef-
fects [98]. Neutron scattering studies showed that PrAlGe orders as an easy c-axis
ferromagnet below the critical temperature Tc = 16K. Although no spontaneous
Hall or nernst response could be discerned at zero field, these effects emerged
sharply with small magnetic fields that polarised the Pr- moments along crystal-
lographic c-direction. The Hall and nernst isotherms are shown in Fig A.2 and
shows a non linear dependence on magnetic field below Tc. The origin of the ob-
served Hall and anomalous Nernst in this system has been attributed to Weyl node
induced Berry curvature. The size of the anomalous Hall and anomalous nernst
from the transport measurements were estimated to be −σAxy = 367 ohm−1cm−1 at
2K and NA = 28 nV/K at 11 K respectively and are in good agreement with the
values obtained from first principle calculations on electronic structure in the pres-
ence of uniform c-axis magnetisation thereby allowing us to allocate their origin
to the berry curvature.

This work done by Destraz et al.. has been published in npj quantum materials.
Destraz, Daniel, et al.. "Magnetism and anomalous transport in theWeyl semimetal
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Fig. A.2 (a) The Hall resistivity isotherms.(b) Nernst isotherms resembling the be-
haviour of the Hall data. Both signals exhibit a kink at magnetic saturation
below critical temperature that gets more pronounced as temperature is low-
ered. Taken from Reference [98]

PrAlGe: possible route to axial gauge fields." npj Quantum Materials 5.1 (2020):
1-8.

A.2 EuCd2As2

The discovery of Weyl semimetal phase in the non centrosymmetric compound of
TaAs by Yang et al.. [158] resulted in a wave of experimental investigations on
various other candidate materials like GdPtBi [159], Mn3Sn [160] , Co3Sn2S2 [161]
etc... predicted to host the exotic and alluring low energy quasi particles - the Weyl
Fermions. The extraordinary quantum transport properties exhibited by these
systems arise from the topologically protected band crossings in these materials-
dubbed Weyl nodes that come in pairs and have definite chirality(left or right
handedness) [162]. The requirement for topological properties associated with
Weyl semimetals to occur in crystals, is either broken time reversal symmetry or
broken spatial inversion symmetry or both [163]. Although there have been various
studies on Weyl semimetals with broken inversion symmetry like the compounds
in the TaAs stuctural family, magnetic WSM with broken TRS are rare [100].
In order to delve deeply into the fundamental physics of Weyl Fermions, it is
important to identify magnetic WSM systems that have a single pair of Weyl
nodes located close to or near the Fermi level in an energy range not obscured by
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Fig. A.3 (a) Crystal structure of EuCd2As2. (b) Schematic illustration of Weyl nodes.
A small magnetic field applied parallel to c- axis fully align the Eu spins
and in the fully spin polarised state a pair of Weyl nodes appear at the Fermi
level. The singly degenerate conduction and valence bands cross at Weyl nodes
which act as source and sink for berry curvature which is associated with the
separation of the Weyl points in k- space. Taken from Reference [100]

other bands and such an ideal system would serve as a fertile ground to study Weyl
physics [100, 164]. The studies by Soh et al.. proposed that such an ideal WSM
phase could be realised in the layered intermetallic EuCd2As2 (ECA) system [100].
Recent ARPES study by Ma et al.. [165] showed that the Weyl physics emerge
already in the paramagnetic phase of ECA with spin fluctuations breaking the
time reversal symmetry. ECA has a trigonal layered structure and belongs to
the space group P 3̄m1 (No.164) consisting of alternating layers of CdAs2 and Eu
layers [100, 165] and is an antiferromagnet with an ordering temperature TN ∼ 9.5
K (See Fig A.3).

A relatively small magnetic field of Bc = 1.6 T applied parallel to c - axis
causes the Eu spins to be fully aligned along the c - axis and a single pair of Weyl
nodes appear at the Fermi level [100]. In the wake of new TRS broken WSM which
are predicted to be suitable candidates for carrying pure spin currents, [99] there is
now a strong impetus to study anomalous transport properties arising from berry
curvature in topological semimetals.

Here, a systematic study of the electrical and thermoelectrical properties of the
ECA system has been carried out by Yang et al.. [166] and this work is under
preparation (See Fig A.4). This study showed that ECA system is a rare system
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Fig. A.4 Magnetic field dependence of the topological Hall resistivity and the topolog-
ical Nernst conductivity isotherms. Taken from Reference [166].

where signatures of topological transport have been observed both in the presence
and absence of long range order.

Topological Nernst and Hall effect was observed above and below the AFM or-
dering temperature associated with Weyl points near the Fermi level. Topological
transport effect in the presence of long-range magnetic order reported up to date
has been attributed to either a real-space scenario or a momentum-space scenario.
Whereas in the compound studied, a momentum-space scenario has been proposed
previously, but with this study, we show that this is not sufficient, and real-space
scenario like the presence of peculiar spin textures like skyrmions should also exist
in the AFM phase. The work is currently in progress.
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