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Abstract
A2B2O7 oxides (where A3+ is a rare-earth and B4+ a transition-metal ion) crystallizing

with the cubic pyrochlore structure are well-known three-dimensional spin frustrated

systems. The source of frustration in these systems originate from the interpenetrating

corner-linked tetrahedral frameworks of A3+ and B4+ ions.

Recently, some of these pyrochlores with 5d transition metal ions occupying the B-

sublattice have gained considerable attention due to their novel topological properties

emerging from the interplay of three fundamental energy scales: the onsite Coulomb re-

pulsion (U), crystal field energy (∆), and, the spin-orbit coupling (λ). In the pyrochlores

with B = Ir, these three energies are of the order of 1 eV, which places them at the cross-

roads leading to strongly correlated systems in large U limit, and topological insulators

in the strong λ limit. The energy scale ∆, on the other hand, splits the spin-orbit coupled

lowest J-multiplet in Ir4+ (d5), reducing the moment in the ground state to an effective J

= 1/2. Consequently, the pyrochlore iridates exhibit interesting and unexpected proper-

ties, including a spin-liquid ground state in Pr2Ir2O7 (PIO), temperature-induced metal-

to-insulator transition concomitant with the onset of antiferromagnetic ordering in R =

Nd, Sm, Eu and Gd members, and an insulating behaviour in the members consisting

of heavier rare-earths. Some of these iridates, namely the ones with R = Sm, Eu, Gd

(and Y), are predicted to be in the close proximity of a Weyl semimetallic ground state,

which motivated the present research.

In order to realise a possible Weyl semimetallic ground state, we synthesized a se-

ries of (Eu1−xBix)2Ir2O7 samples. We chose Eu2Ir2O7 (EIO) due to its proximity to the

Weyl semimetallic ground state. The other end member Bi2Ir2O7 (BIO) (which also

crystallize with the cubic pyrochlore structure) is a strongly correlated metal. The cru-

cial point is that both Eu and Bi form their respective compounds, which implies that a

solid-solution between them will not affect the valence of Ir, and hence the J = 1/2 on the

pyrochlore lattice is expected to remain unperturbed throughout the (Eu1−xBix)2Ir2O7

series. Additional advantage of doping with Bi is that the A-site remains magnetically

inactive.

We discovered a rather counter-intuitive result in this solid solution series. We found

that even though the ionic radius of Bi3+ is considerably bigger than Eu3+, dilute Bi

doping at the Eu site results in a lattice volume collapse without any apparent structural



change or the valence of the constituents. The lattice contraction was confirmed using

high-resolution synchrotron x-ray diffraction. The ground state of EIO was found to

be robust for compositions in the anomalous volume contraction region and is strongly

suppressed for higher doping concentration. In the anomalous region, we find that dilute

Bi-doping tunes the ground state closer to the Weyl point, inferred from the behaviour

of ρ vs. T, which is theoretically shown to follow a 1/T dependence by Hosur et al.

At the metal-insulator boundary at x = 0.1, we observed absence of any magnetic or-

dering confirmed using µSR down to 20 mK. Further, from the transport behaviour, we

conjectured a Quadratic Band Touching (QBT), another novel ground state from which

other non-trivial topological phases can be derived, for this composition. We, therefore,

conclude that the composition (Eu1.8Bi0.2)Ir2O7 is the parent phase hosting a QBT from

which the WSM phase is derived through breaking of the time reversal symmetry in a

narrow composition range around x = 0.02 where the index ‘n’ in the 1/Tn fit approaches

n = 1 over a broad temperature range.

We further extended this study to other members of the pyrochlore iridate series

A2Ir2O7 (A = Sm, Gd and Dy) series. Though the anomalous lattice contraction was

observed at dilute Bi doping in all the members, it was found to be the highest for the Bi

substituted Sm2Ir2O7 (SIO). As BIO and SIO have the same lattice constant value, this

established the electronic origin of the anomalous lattice contraction phenomena. Bi

doping affected the physical properties for all the pyrochlore iridates. As the difference

between the A-site ionic radius and Bi decreased, rapid suppression of the insulating

and magnetic ground state of the pyrochlore compounds was observed.

We carried out photoelectron spectroscopy to understand the mechanism of the

metal-insulator transition in the (Eu1−xBix)2Ir2O7 series. The core-level spectra along

with the valence band spectra indicated hybridisation between Bi 6p and Ir 5d orbitals

as a possible mechanism for the emergence of metallic behaviour with increasing Bi

doping. Additionally, we confirmed that the valence state of Eu, Bi and Ir remains

unchanged over the whole range of x values.

Our study suggests that Bi-doping in pyrochlore iridates is a unique way to realise

novel ground states in this system. This is achieved as the isovalent Bi doping preserves

the Ir4+ sublattice, which is a key to obtaining various non-trivial topological phases.

In particular, we show that dilute Bi doping is a possible route to realizing the Weyl



semimetallic ground state in A = Eu, and Sm. Our findings are expected to motivate

further research in exploring new quantum phases in the U − λ phase space of 5d tran-

sition metal oxides.





List of publications
• Anomalous lattice contraction and emergent electronic phases in Bi-doped

Eu2Ir2O7; Prachi Telang, Kshiti Mishra, Giacomo Prando, A. K. Sood, Surjeet

Singh Phys. Rev. B 99, 201112(R) (2019)

• Dilute stuffing in the pyrochlore iridate Eu2Ir2O7; Prachi Telang, Kshiti Mishra,

A. K. Sood, Surjeet Singh Phys. Rev. B 97, 235118 (2018).

• Monopole-limited nucleation of magnetism in Eu2Ir2O7; Giacomo Prando,

Prachi Telang, Stephen D. Wilson, Michael J. Graf, Surjeet SinghPhys. Rev.

B 101, 174435 (2020).

• On the effect of isovalent Bi substitution at the Eu site in the pyrochlore
Eu2Ir2O7; Prachi Telang, Kshiti Mishra, Surjeet Singh AIP Conference Pro-

ceedings 1942, 110051 (2018).

• One-shot wet chemical synthesis and properties of pyrochlore iridates A2Ir2O7;

Haritha Rajeev, Prachi Telang and Surjeet Singh Solid state communications 312,

113863 (2020)

• Metal-insulator transition in (Eu1−xBix)2Ir2O7 - HAXPS study; Prachi Telang
and Surjeet Singh (to be submitted)

• Laser-diode-heated floating-zone crystal growth of ErVO3; Prachi Telang,

Andrey Maljuk, Dibyata Rout, Rongwei Hu, Markos Skoulatos, Koushik Kar-

makar, Silvia Seiro, Bertrand Roessli, Uwe Stuhr, Bernd Büchner, Sang-Wook
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Chapter 1
Introduction

Phase transitions and new phases of matter have continued to challenge our understand-

ing of the quantum condensed matter systems. For decades, phase transitions were

thought to be facilitated by the breaking of some symmetry. For example, magnetic or-

dering emerges due to breaking of the time-reversal symmetry; the crystallization of wa-

ter into ice, on the other hand, involves broken translational symmetry. This paradigm,

however, was challenged with the discovery of topological order in some condensed

matter systems in the year 1982 [5]. Since then many electronic phases with novel

topologies have been predicted theoretically and few have also been realized experi-

mentally. Examples of these electronic phases, across the research frontier, span from

graphene to the topological insulators and beyond. Still, several theoretical predictions

of various novel topological phases are yet to be realized experimentally. Due to this

reason, significant efforts are concentrated around materials with strong spin-orbit inter-

action, which provide a fertile ground for experimental realization of novel topological

phases as will be discussed in detail in some of the subsequent sections of this chapter.

Until recently, systems investigated for their topological features were predomi-

nantly s- and p- electron systems, such as Bi2Se3 [6]. However, recently, oxides of

5d transition metals have garnered attention due to the presence of strong spin-orbit in-

teraction. Oxides of Rhenium, Osmium, Iridium and neighbouring metals constitute the

family of 5d transition metal oxides (TMOs). In 5d TMOs, the electron correlation en-

ergy is less when compared to their 3d counterparts due to the spatially extended nature

of 5d orbitals. On the other hand, due to the large atomic number of 5d elements, the

1



2 Chapter 1. Introduction

spin-orbit interaction in their compounds is significant enough that it cannot be treated

as a perturbation anymore. Thus, 5d TMOs sit at the crossroads where both the elec-

tronic correlation and spin-orbit coupling determines the ground state. In this chapter,

we will give an introduction to important interactions in 5d TMOs and how the inter-

play of these interactions gives rise to novel topological states such as axion insulator,

Weyl semimetal, etc. Then we would narrow down our discussion to oxides of Iridium

crystallizing with the pyrochlore structure, also known as pyrochlore iridates, where we

would learn about their structure and physical properties.

1.1 Electronic interactions in transition metal oxides

Much of condensed matter is about how different kinds of order emerge from inter-

actions between many simple constituents. An ideal example of this is the family of

transition metal oxides (TMOs) where a plethora of novel phenomena such as high-TC
superconductivity, colossal magnetoresistance, and metal-insulator transitions could be

observed as a result of the complex interplay of various electronic interactions such

as electron correlations (U), crystal field splitting (∆) and spin-orbit coupling (λ) [7].

The magnitude of these interactions depends on a number of factors like the atomic

number of the transition metal, underlying crystal geometry, ligand environment around

the transition metal, etc. Understanding the interplay of these interactions which ulti-

mately decides the ground state is one of the fundamental problems in condensed matter

physics. In this chapter, we will look at the three most dominant and relevant interac-

tions that are responsible for governing the ground state of 5d TMOs.

1.1.1 Electron-electron correlations (U)

Failure of band theory to explain the insulating ground state in TMOs highlighted the

importance of electron-electron interactions. In TMOs, the conduction is driven by d-

orbitals which are spatially compact when compared to the s- or p-orbitals in simple

metals. This results in strong Coulomb repulsion between the d electrons of TMOs.

The transition from metallic to insulating state due to strong electron correlations was

successfully modeled theoretically via Hubbard model given by John Hubbard [8]. It is

given as follows:
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Ĥ = −t
∑
i,σ

(
ĉ†i,σ ĉi+1,σ + ĉ†i+1,σ ĉi,σ

)
+ U

∑
i

n̂i↑n̂i↓ (1.1)

The first term of the above equation, when considered alone, is just the tight-binding

model for a single orbital. It represents the electron hopping from site i to its nearest

neighbor, where ĉ†i,σ is the creation operator of an electron with spin σ at site i. The sec-

ond term represents the interaction between two electrons on the same site. It predicts a

transition from metal to insulator as the ratio of interaction to hopping U
t

, is varied. This

ratio can be modified by increasing the inter-atomic spacing, which would decrease the

magnitude of t without affecting U. In the limit where U
t
≫ 1, we end up with a set

of isolated magnetic moments. If U
t

is not too large, then the overlap integral facilitates

superexchange interaction between neighboring magnetic moments, which may lead to

a variety of interesting magnetic correlations, such as ferromagnetic, antiferromagnetic,

etc. depending on the parameters of the model.

Figure 1.1: Hubbard model for the half filling case. W, EF and U are the bandwidth, the Fermi
energy and the electron correlation energy respectively. LHB and UHB here refers to the lower
and upper Hubbard bands, respectively.

The effect of Coulomb repulsion in the single band model is shown schematically

in Fig. 1.1. In the limiting case of U = 0, the system is just the free-electron model, and

we find a simple metallic band with an effective bandwidth ∼W . When U ≫ W the
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electrons become localized and the system splits into two subbands with a gap of size

∼U. In the case of half-filling, the lower band is completely filled, forming an insulating

state, known as a Mott insulator [9]. Looking at this another way, the system now has a

single electron localized to each site such that each site has a magnetic moment; this is

why, in light of virtual transitions in second-order perturbation theory, this state is often

coincident with an antiferromagnetic ground state. In the intermediate regime where U

and W have comparable strengths, a cross-over from metallic to insulating behavior is

expected which may depend sensitively on details of the band structure, filling fraction

and other perturbations to the Hubbard model. Interesting physics could originate when

other interactions such as spin-orbit coupling and crystal field of comparable strength

are also present.

1.1.2 Crystal Field

Crystal field effect refers to the lifting of the degeneracy of electron orbitals of the metal

ion due to the steric electric field arising from a specific geometry of the surrounding

ligand charge distribution. In the context of TMOs, the electrons in the d-orbitals closer

to the ligand ions experience maximum repulsion and thus are lifted to higher energy

whereas orbitals pointing away from the ligands are pushed to lower energy which re-

sults in breaking of the orbital degeneracy. This splitting depends on the factors such as

oxidation state of cation, ligand coordination, metal-ligand distance and so on.

For example, if we consider a transition metal ion surrounded by oxygen ions in the

octahedral arrangement. The octahedral crystalline field splits the metal d-orbitals into

two groups: the doubly degenerate eg, and triply degenerate t2g separated by an energy

gap ∆. Because eg states have lobes pointing along the coordinate axis, they are higher

in energy compared to the t2g states that have lobes pointing along the diagonals.

1.1.3 Spin-orbit coupling

Spin-orbit coupling (SOC), as the name suggests, refers to the entanglement of spin

degrees of freedom with the orbital degrees of freedom. The spin-orbit interaction is

a relativistic effect which is obtained from the solution of Dirac equation [10]. In the

rest frame of an electron moving with relativistic velocity (v) in the electric field (E)

of the nucleus, the electric field transforms into a magnetic field Beff by the Lorentz

transformation.
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Figure 1.2: Crystal field splitting of the d orbitals in a transition metal ion in an octahedral
coordination

Beff = (v × E) /c (1.2)

This magnetic field experienced by the electron in its rest frame affects the energy

and spin dynamics of the electron. This interaction is termed as the spin-orbit interac-

tion. The Hamiltonian of the spin-orbit interaction can be obtained by either considering

the coupling between electron spin with the magnetic field from the orbiting nucleus or

by solving the Dirac Hamiltonian for an electron in the electrostatic field. Using either

of the methods, the spin-orbit Hamiltonian for a Hydrogen like atom is given by

H =
1

2m2c2

(
1

4ε0π

)(
Ze2

r3

)
L.S (1.3)

Here, m is the mass of the electron, c is the speed of light, r is the orbital radius and,

Z is the atomic number. As this term does not commute with Lz or Sz, it is imperative to

switch to total angular momentum, where the total angular momentum J can be written

as,
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Ĵ = L̂+ Ŝ (1.4)

Ĵ2 = L̂2 + Ŝ2 + 2L̂.Ŝ (1.5)

L̂.Ŝ =
1

2
(Ĵ2 − L̂2 − Ŝ2) (1.6)

Combining spin 1/2 with angular momentum l, total angular momentum can take

values j = l ± 1
2
. Corresponding basis states |j = l ± 1

2
,mj, l〉 diagonalize operator,

L̂.Ŝ |j = l ± 1

2
,mj, l〉 =

~2

2

(
l

−l − 1

)
|l ± 1

2
,mj, l〉 (1.7)

When this is incorporated in the Hamiltonian, we get,

〈H〉n,j=l±1/2,mj ,l
=

1

2m2c2

~2

2

(
l

−l − 1

)
Ze2

4πε0

〈
1

r3

〉
(1.8)

Using the identity, for atoms other than Hydrogen,〈
1

r3

〉
=

(
mcαZ

~n

)3
1

l(l + 1/2)(l + 1)
(1.9)

We thus obtain Z4 dependence of spin-orbit coupling. This shows that spin-orbit

coupling increases dramatically with the atomic number. In atomic systems, the spin-

orbit term acts as a first-order perturbative correction whereas for crystalline structures

it breaks the spin-degeneracy of the bands formed from these orbitals.

Now that we have introduced all the significant interactions in 5d TMOs, we will

proceed to discuss how their complex interplay affects the ground state in iridates. Irid-

ium has electronic configuration of [Xe] 4f14 5d7 6s2. In the case of Ir4+, there are

five electrons in the 5d manifold. In the presence of an octahedral crystal electric field,

these degenerate orbitals get split into low-lying triplet t2g and higher energy doublet eg.

As the eg orbitals are well separated from the t2g, all the electrons now occupy the t2g
orbitals. The t2g orbitals would have remained degenerate but for iridates this is not the

case due to the strong SOC. At this point, the spin-orbit interaction acts on t2g orbitals

to further lift the degeneracy by splitting it into a low-lying j = 3
2

quartet and a higher

energy j = 1
2

doublet. The quartet being lower in energy by the value of λ/2. The

quartet is then filled with four electrons, leaving a single electron to half-fill the doublet
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with j = 1
2

effective spin.

Figure 1.3: Crystal field splitting of Ir4+ in an octahedral environment. (Adapted from Ref [1])

The first experimental manifestation of the j = 1
2

effective spin state in iridates was

shown for the compound Sr2IrO4 by Kim et al [11]. Sr2IrO4 crystallizes in the same

tetragonal structure as its 4d counterpart Sr2RhO4. Considering the reduced electron

correlation in the 5d orbitals and the odd-number of electrons in the d-orbital, a metallic

ground state was expected for this composition. However, in-spite of the similarity in

lattice parameter of Sr2IrO4 with the Fermi-liquid metal Sr2RhO4 [12], the ground state

for Sr2IrO4 was found to be insulating and weakly ferromagnetic. This is called the SOC

assisted Mott insulating ground state. The insulating ground state was also observed for

other iridates such as pyrochlore iridates, which established the significance of SOC in

these systems.

The presence of strong SOC along with moderate electron correlations has opened a

multitude of novel electronic phases that were inaccessible by considering Hubbard like

hamiltonian. The emergence of the novel electronic ground states due to strong SOC is

depicted nicely in this phase diagram of interactions in condensed matter systems (Fig

1.4).

1.2 Topology in condensed matter physics
For decades, the onset of ordering in condensed matter systems was understood by

spontaneous symmetry breaking. But around 1980, a new type of ordering that did not
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Figure 1.4: Various electronic phases that could be realised by tuning the interction strength in
condensed matter systems. (Adapted from Ref [2])

involve any symmetry-breaking was discovered. Electron quantization was observed in

two-dimensional electron gas in the presence of a strong magnetic field perpendicular to

the plane at low temperatures [13]. The quantisation was proportional to the magnetic

field and formed Hall conductance plateau that increased in an integral number of e2/h

with increasing magnetic field. This phenomenon is an example of what is known as

‘topological order’.

In a topologically ordered phase, the ‘topological invariants’ dictate the behaviour

of the physical response functions. In other words, some peculiar global properties

emerge from microscopic degrees of freedom. We will first try to understand this in the

mathematical context about how the geometry is used to distinguish the topology.

If we consider a torus and a sphere, the fundamental difference between the two

is: unlike a torus, the sphere has no hole. Thus, it is not possible to mould the sphere

smoothly into a torus without creating a hole. However, a sphere could be deformed

continuously into a mug or any arbitrary shape without a hole. Here, the topological

protection prevents smooth deformation across interfaces with distinct topologies. This
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can be understood using the Gauss-Bonnet theorem. According to the Gauss-Bonnet

theorem [14], the area integral of the curvature over the closed surface is quantised and

is a “topological invariant”, i.e.,∫
K.dS = 2π(2− 2g) (1.10)

where K is the local curvature along the surface S; g is termed as genus number,

which is nothing but the number of holes in the surface. If we extend this concept from

geometric space to a space defined by the eigenstates of a Hamiltonian described by cer-

tain parameters, then the curvature of this space would be known as Berry’s curvature.

Similarly, it was shown by Shiing-Shen Chern [15] that the Gauss-Bonnet formula could

be applied to the momentum space for a condensed matter system, where, integrating

over Berry’s curvature would yield a quantized integer, analogous to genus, known as

Chern number. According to the adiabatic theorem, which states that adiabatic changes

in a Hamiltonian keep the Chern number constant whereas drastic changes may result

in an increase in the Chern number by integer value [16]. The first experimental realiza-

tion of this was in the quantum Hall state. Laughlin, Hofstadter, and coworkers [17,18]

showed that the integral number jump in the quantum Hall conductance correlated to in-

teger change in the Chern number which occurs when the system fills different Landau

levels.

Figure 1.5: Schematic of the formation of topological surface states (a) normal band structure,
(b)band inversion due to strong spin-orbit coupling, (c) band renormalization, and (d) formation
of the topological surface states. (Adapted from Ref [3])

Another example of a non-trivial topology is that of topological insulators that are
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insulating in the bulk but have conducting surface states. In materials with strong SOC,

the Rashba effect [10] may induce band inversion between the conduction band and

valence bands of the material. At the boundary with the vacuum or a normal insulator,

these two bands must be smoothly connected meaning that at least one state (now with

definite spin because of the SOC) crosses the bandgap at the surface. Time reversal sym-

metry is not broken in these systems, so there will actually be a pair of these states with

opposite spin and momentum that will cross to form a node inside the bulk bandgap.

As such a node must either exist or be absent, there is no way it may be adiabatically

removed, i.e. it is topologically distinct from a simple band insulator. The effect of this

is that the states corresponding to the node form helical conduction channels around the

edges or surfaces which have Dirac-like dispersions and are protected from scattering

by the time-reversal symmetry. A trivial band insulator can also have conducting sur-

face states due to dangling bonds, etc. However such surface states are not topologically

protected.

Figure 1.6: A sphere has genus=0 and the torus has genus= 1 whereas the third shape with two
holes has genus=2.

After having introduced the concept of topological phases of matter with examples,

we will now turn to understand the Weyl semimetal which is of particular interest in this

thesis.

1.2.1 Weyl Semimetal

In 1928 P. A. M. Dirac [19] proposed the eponymous Dirac equation, successfully com-

bining special relativity and quantum mechanics for the first time. Dirac’s equation

consists of a four-component wave function and 4× 4 gamma matrices. The four com-
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ponents allowed for both positive and negative charge solutions and up and down spin.

This was a significant development in theoretical physics which, among other things,

predicted the existence of antimatter, and laid the foundation of quantum field theory.

Shortly after the Dirac equation, mathematician Herman Weyl proposed a simplified

relativistic equation [20] utilizing just the 2× 2 complex Pauli matrices σn. This sim-

plification demanded the associated fermions to be massless. These are called Weyl

fermions. The Weyl fermions have a definitive chirality or handedness, and a pair of

opposite chirality Weyl fermions can be combined to obtain a Dirac fermion. For a

long time, it was believed that neutrinos might be the Weyl fermions. However, with

the discovery of a non-vanishing neutrino mass [21], there are no fundamental particles

currently believed to be massless Weyl fermions.

In condensed matter physics, the energy scales of interest are much smaller than the

rest mass of the electron; hence, naively, the non-relativistic description is expected to

suffice while explaining the electron dynamics without invoking Dirac physics. How-

ever, the propagation of even slow electrons through the periodic potential of a crystal

leads to a dressing of the electronic states. In certain instances, this results in an ef-

fective low-energy description that resembles the Dirac equation. An ideal example

of this comes from graphene, where the electron follows a linear energy-momentum

dispersion relation and its behavior is captured by the massless two-dimensional Dirac

equation. Conditions under which, such band crossing would occur in electronic band

structures were investigates by Conyers Herring in 1937 [22]. Herring observed that

three-dimensional crystals could host accidental twofold degeneracies of bands, where

the dispersion in the vicinity of these band touching points was linear and hence resem-

bled the Weyl equation. This degeneracy was not a result of any particular symmetry but

was purely accidental. As particles obeying the Weyl equation are chiral, they exhibit

chiral anomaly which is non-conservation of the chiral current. Remarkably, the chiral

anomaly, the defining physical property of Weyl fermions, continues to hold true even

in the context of condensed matter systems. Adler-Bell and Jackiw [23, 24] demon-

strated that a single Weyl fermion when coupled to an electromagnetic field results in

the non-conservation of electric charge. However, this has unphysical consequences in

a lattice and thus the net chirality of a set of Weyl fermions must vanish, which is facil-

itated by Fermion doubling theorem. However, even in this setting, it was realized by
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Nielsen and Ninimoya [25] that the chiral anomaly can have a nontrivial effect, which

cemented the link between band touching in three-dimensional crystals and the chiral

or Weyl fermions. These band touchings of Herring were named Weyl nodes by Wan et

al. [26]. The name Weyl semimetal (WSM) was introduced to describe a phase where

the chemical potential is near the Weyl nodes and a potential realization of such a state

in a family of materials, the pyrochlore iridates, was proposed along with the prediction

of a special all-in- all-out magnetic ordering pattern [26].

Since then, Weyl semimetals (WSM) have been one of the most sought after re-

search topics in condensed matter physics. So far, few families of compounds have

been proposed theoretically to host WSM ground state due to the breaking of time-

reversal symmetry. This includes pyrochlore iridates [26] A2Ir2O7, half-heusler alloys

APtBi [27] where A is a rare-earth ion and HgCr2Se4 [28]. Several systems were envis-

aged to host the WSM ground state by the virtue of breaking of inversion symmetry by

Murakami [29] and Halász and Balents [30].

The topological aspect of Weyl fermions is reflected in the fact that they are sources/sinks

(monopoles) of the Berry curvature (Chern flux) in the Brillouin zone (BZ). This mo-

mentum space topology is associated with several physical phenomena that serve as

the finger prints of the WSM ground state. The first manifestation of the topological

aspects of Weyl fermions appeared with the realization that Weyl nodes lead to exotic

surface states in the form of Fermi arcs [26]. Fermi arcs connect the projections of the

nodes onto the surface BZ. Such topological properties are sharply defined as long as

one can distinguish band touching associated with opposite Chern flux. The presence

of translation symmetry, and hence conserved crystal momenta, is sufficient to protect

these defining properties since the nodes are separated in the BZ. Other manifestations

of the band topology include an anomalous Hall effect [31, 32] that is tied to the mo-

mentum space displacement between nodes, and magnetoresistance arising from the

Adler-Bell-Jackiw anomaly [23,24]. However, it is not possible to detect or measure all

the signatures in all the Weyl semimetals. For example, Fermi arcs have been observed

in WSM like TaAs, NbP with broken inversion symmetry, although a distinct demon-

stration of a magnetic WSM remains to be observed [33]. Thus, since the theoretical

prediction of WSM in condensed matter systems, there are constant efforts and a large

influx of theoretical predictions to point out various signatures of WSM.
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Figure 1.7: Bulk states represented by Weyl nodes and their surface projection depicted by
Fermi arcs.

Pyrochlore Structure

In the previous sections, we discussed various interactions that drive the novel physics

in iridates. In this section, we would familiarise ourselves with pyrochlore structure and

the range of fascinating spin alignments that this structure can host due to its geometrical

aspect.

Pyrochlore family derives its name from the iso-structural and eponymous mineral

(Na,Ca)2Nb2O6(OH,F). The members of this family are predominantly cubic and are

represented by a generic formula A2B2O7 where B is usually a transition metal ion and

A can be a rare-earth or post-transition metal ion. The pyrochlore family spans a broad

range of physical properties as a result of a large number of combinations of A and B

cations and the variable oxidation states accessible to the transition metal ions [34].

A2B2O7 or more suitably A2B2O6O’, which reflects the two inequivalent O-sites,

crystallizes with the pyrochlore structure (space group: Fd-3m, Z = 8) with A, B, O and

O’ located, respectively, at 16d (0.5, 0.5, 0.5), 16c (0, 0, 0), 48f (u, 0.125, 0.125) and

8b (0.375, 0.375, 0.375), positions. The cations A and B form interpenetrating corner-

linked tetrahedral networks running parallel to the 111 direction of the cubic unit cell,
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as shown in Fig. 1.8. The two sublattices are displaced relative to one another along the

unit cell edge by a length a/2, where a is the lattice parameter. In the pyrochlore struc-

ture, each B-site cation is coordinated to six O (48f ) ions, forming a BO6 octahedron

(Fig. 1.3). Since the 48f position has a variable x-coordinate, the symmetry of BO6

octahedron depends on the value of u. The perfect octahedral symmetry is achieved for

u = 0.3125. In interval 0.3125 ≤ u ≤ 0.375, which defines the field-of-stability of the

pyrochlore structure, the IrO6 octahedral exhibits a trigonal compression that increase

with u. In most known pyrochlores, the value of u lies well within these limits. In the

pyrochlore iridates, in particular, the typical value of u is reported to be around 0.333,

and the corresponding value of the bond angle Ir−O−Ir varies from≈127◦ to 130◦ [34].

The A-site ion in the pyrochlore structure forms an axially compressed scalenohe-

dron with six equidistant 48f oxygens forming a puckered hexagonal A-O6 ring; and

two axially located O(8b) that forms a 180◦ O’−A−O’ bond oriented perpendicular to

the average plane of the A-O6 ring. The scalenohedron becomes a perfect cube for u

= 0.375. For smaller values of u than 0.375, the bond length A−O’ becomes smaller

than A−O, compressing the scalenohedron axially. A sense of the relative orientations

of the A- and B-site coordination polyhedrons can be gathered from the fact that bond

O’−A−O’ always points along the principal diagonal as shown in Fig. 1.8 irrespective

of the values that u and a take.

It is possible to visualize pyrochlore structure in multiple ways. As the 16c and

16d sites form layers stacked along the [111] direction, pyrochlore structure could be

viewed as stacking of alternating kagome and triangular planar layers [34,35]. From the

viewpoint of chemical bonding, the pyrochlore structure could be viewed as a mixing of

two frameworks. One formed by the B2O6 composition and the other by composition

A2O’, that forms a zigzag chain through the large channels formed by the B2O6 network.

The B-O-B angle in this network is restricted to a very narrow range for pyrchlores, from

≈127◦ to 134◦, with little influence from the A cation. Also there exists a version of

pyrochlore structure, called as defect pyrochlore or fluorite structure where the entire

A2O’ network is missing. This shows that, in the pyrochlore structure, B2O6 forms the

rigid and essential framework whereas it can sustain significant vacancies at the A site

and O(8b) site.
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B(16c)
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O’ (8b)

O(48f)

[111]

(b)

A

B

Figure 1.8: Conventional unit cell of the pyrochlore A2B2O7 structure with (a) only A3+ and
B4+ sublattices shown, and (b) B-O6 octahedra and A-O6-O′2 scalenhedron are shown in the unit
cell.

1.2.2 Magnetism in pyrochlore oxides

Frustration arises when a system has competing or contradicting constraints, which can-

not all be satisfied simultaneously to find a unique ground state. This results either due

to the presence of multiple interactions that do not favor the same ground state, or the
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crystal symmetry constrains the ability of the individual degrees of freedom to span all

the possible configurational space in order to find a unique ground state. For exam-

ple, as shown in the Fig. 1.9, it is straightforward to arrange the spins on the corners

of the square lattice where they satisfy antiferromagnetic correlation with each other.

However, in the case of a triangular model, which is the simplest case of geometric

frustration it is not possible to arrange the spins at the three corners so as to satisfy

antiferromagnetic interaction simultaneously for all the spins.

Figure 1.9: Geometric frustration arising due to triangular arrangement of the spins interacting
antiferromagnetically.

In pyrochlore oxides, the A and B cations, individually, form a corner shared tetra-

hedral network which is offset from one another along the [100] or any cubic direction

by half the lattice constant [35]. When the cations at A or B site have unpaired spins,

the spin-spin interaction and orientation decide magnetism of the system. As the corner

shared network is a 3D analog of the triangular model, pyrochlore structure is prone

to a high degree of geometric frustration. In addition to the spin-spin interactions, the

oxygen atom at the center of each tetrahedra generates an anisotropic crystal field that

leads to a strong Ising anisotropy along the [111] direction or pointing from the center

of tetrahedra through the corners. However, as cubic crystal symmetry inhibits global

Ising axis, as it would artificially break the cubic symmetry, to realize Ising behavior it is

necessary to define a local set of directions that are related by symmetry allowed trans-

formations [35]. Such limitations generate magnetic frustration and significantly reduce
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the phase space of possible magnetic configurations and thus can induce complex and

novel magnetic structures.

Figure 1.10: a) All-in spin arrangement b) 2-in-2-out spin ice arrangement c) 3-in-1-out spin
arrangement

For example, if the ground state of magnetic ions situated at the corner of the tetra-

hedra had to be arranged in Ising geometry then the magnetic moments at the corner

may only point towards or away from the center of the tetrahedra. This results in three

distinct spin configurations as depicted in the Fig. 1.10. Panel (a) shows the all-in-all-

out (AIAO) arrangement where the spins on the adjacent tetrahedra point respectively

towards and away from the center of the tetrahedra alternatively. This arrangement is

equivalent of an antiferromagnetic ordering as no resultant moment is generated from

this ordering. While in panel (c), the three-in-one-out arrangement is ferromagnetic in

nature and would result in a net moment along the 111 direction. On the other hand,

there are six ways to arrange the spins in two-in-two-out (2I2O) fashion, one of which

is shown in the panel (b). In this case, though locally tetrahedra can have 2I2O config-

uration, globally a long-range order does not exists. Insulating pyrochlore oxides, like,

Ho2Ti2O7 are archetypical example of 2I2O order, where neutron scattering measure-

ments have confirmed that the magnetic correlation length is smaller than the unit cell

size [36]. This suggests global disorder even in the presence of locally present ordering

which originates from the huge degeneracy in the ground state which facilitates plenty

of novel physical phenomena.
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1.2.3 Spin Ice

This spin arrangement derives its name from the analogous water ice. Historically, the

first system to be identified as frustrated was water ice. As water crystallizes, it exhibits

bond disorder sustaining down to extremely low temperature, which gives rise to the

residual entropy. This entropy was measured in 1933 by Giauque and coworkers [37]

and the origin of this entropy was explained by Linus Pauling [38]. He argued that the

bonding arrangement in water follows ice rules that demanded two protons to be near to

and two farther from each oxide ion. Pauling showed that such bonding arrangement,

which could be achieved in six alternate ways, resulted in a macroscopically degener-

ate ground state of spin ice. The theoretical entropy calculated by Pauling for such a

macroscopic degenerate state agreed well with the experimental values. In 1956, An-

derson investigated the problem of magnetic ordering in spinels, which are structurally

similar to the pyrochlores [39]. To a first approximation, the spin arrangement mapped

on to the Pauling’s model of spin ice. However, it was only in 1997 that Harris and

coworkers could experimentally establish the three-dimensional magnetic analogs of

water ice in the pyrochlore oxide Ho2Ti2O7, for which the term spin ice was coined to

stress the analogy. Ho2Ti2O7 is an example of what is known as classical spin ice. Later

Dy2Ti2O7 was also found to share a similar ground state [40]. In both these compounds,

Ti4+ is non-magnetic and the magnetism arises from the A-site ion. Ho3+ and Dy3+

carry a large moment of ∼10µB. Hence long-range dipolar interactions are of signifi-

cance in these compounds. In addition, under the anisotropic crystal field environment,

the rare-earth moments behave as nearly pure two-state Ising spins pointing in or out of

the tetrahedra. Owing to the large moment of A-site ions, applied fields of several Teslas

are too weak to turn the A-site ions (Ho3+, Dy3+) away from their local quantization

axes. Thus, these compounds constitute the classical spin-ice system.

Due to the large moment carried by each magnetic ion, strong quantum effects are

absent in the classical spin ice compounds but can be significant in other rare-earth

pyrochlores where the magnetic moment of the rare-earth ion is not very large. Com-

pounds like Yb2Ti2O7, Er2Ti2O7 are of this type, where the effective spin at A site is

1/2, 3/2, respectively. It has been argued recently that the spins of the aforementioned

compounds are controlled by exchange coupling rather than by the long-range dipolar

interactions [41]. This makes these materials highly frustrated and prone to quantum
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effects. Recently it was shown that Yb2Ti2O7 may support quantum spin liquid ground

state in a moderate magnetic field and may host an unusual quantum critical point at

larger fields [41].

1.2.4 Previous studies on pyrochlore iridates

The comparable strength of electron correlation, spin-orbit coupling, and crystal field

splitting, put the pyrochlore iridates at the crossroads of trivial and non-trivial ground

states in the U-λ phase diagram (see Fig. 1.4). Tuning the relative strength of these

interactions can lead to the realisation of interesting novel ground states. In this section,

we would preview the experimental and theoretical work done, that has shaped our

understanding of this series.

The first report of the synthesis of pyrochlore iridates was in 1971 by Bouchard and

coworkers [42]. However, the physical properties were not reported until much later. In

2001, Taira and coworkers [43] reported M’́ossbauer and magnetic susceptibility stud-

ies of some members of the pyrochlore iridates series. Their study revealed a magnetic

transition for A= Y, Sm, Eu and Lu, which was presumed to be antiferromagnetic or

spin-glass based on the bifurcation between zero-field-cooled and field-cooled suscep-

tibility measurements along with the absence of any hysteresis loop. In the same year,

Yanagashima and Maeno [44] reported lattice constant and physical characterization of

several members of the pyrochlore series. In this study, they observed smaller rare-earth

pyrochlore iridates to be insulating whereas members with Eu and bigger sizes were

found to be metallic. The samples reported were polycrystalline and the precursors used

were rare-earth oxide and Ir-metal. Later, in a detailed study by Matsuhira et al. [4,45],

where oxides of rare-earth and iridium were used for synthesis, it was observed that

physical behavior of pyrochlore iridates changed from that of a magnetic insulator for

smaller or heavier rare earth (i.e., A = Gd, Tb, Dy, Ho, Er, and Yb, including Y) to a

nonmagnetic metal for Pr2Ir2O7. The study also revealed that members corresponding

to A = Nd, Sm, and Eu show a thermally induced metal-insulator transition (MI) upon

cooling below a temperature (TMI), concomitant with the onset of magnetic ordering.

As the ordering was observed in all the compositions irrespective of the magnetism of

A-site ion, the magnetism in pyrochlore iridates was attributed to the ordering of Ir4+

(Jeff = 1
2
) sublattice. A phase diagram for conductive properties of the pyrochlore

iridates as a function of A-site radius was given in the same work that shows the strong
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dependence of the physical properties on the A-site radius.

To shed light on the nature of the magnetic ordering of Iridium sublattice, Zhao et

al. performed zero-field muon spin relaxation measurements on Eu2Ir2O7 [46]. Sponta-

neous muon precession below TN revealed, a long-range antiferromagnetic ordering of

Ir4+ sublattice. Further, the nature of ordering was observed to be of all-in-all-out type.

Later, µSR studies carried out by other groups on Sm2Ir2O7 and Nd2Ir2O7 also revealed

all-in-all-out nature of magnetic ordering [47, 48].

Figure 1.11: Phase diagram of transport properties of pyrochlore oxide series plotted against
the rare-earth radius.(Adapted from Ref [4])

As the rare-earth radius reached Pr, the properties changed dramatically and were

found to be very different compared to the rest of the series. Pr2Ir2O7 was, in fact, the

first member amongst pyrochlore iridates to gather research interest for its exceptional

properties [49]. This compound was observed to show a lack of long-range magnetic

ordering down to 50 mK and was also found to show finite Hall conductance in the

absence of an applied magnetic field, suggesting the existence of a chiral spin liquid

ground state [49]. Also, the conductance of this composition shows a logarithmic upturn
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in the resistivity around 30 K that was thought to originate from the polarisation of con-

duction electrons due to Pr3+ ions. However, recent studies have shown that Pr2Ir2O7 in

fact, hosts a quadratic degenerate band touching at the Fermi energy which should act

as the parent phase for other novel electronic phases predicted for pyrochlore iridates.

Another metallic member in the series is Bi2Ir2O7. This compound shows a non-trivial

T3/2 dependence of resistivity with temperature. µSR study on this compound revealed

two magnetic transitions at 1.8 K and 0.23 K [50].

Figure 1.12: a)Schematic mean-field phase diagram of the Hubbard model on the pyrochlore
lattice showing the narrow range of stability of WSM ground state in pyrochlore iridates b)
Evolution of the electronic spectrum along the three points (stars) highlighted on the vertical
dashed line in panel a. The red circle shows one Weyl point at the Fermi level (horizontal
dashed line). The spectrum is plotted along high symmetry lines in the Brillouin zone.(Adapted
from Ref [2])

On the theoretical front, Pesin and Balents probed pyrochlore iridates theoretically

for the first time in 2010, when they searched for possible topological states in py-

rochlore iridates originating from the large SOC associated with Ir. They employed

the mean-field theory and a slave-rotor approach to determine the ground-state phase

diagram over the correlation and SOC energies. In their study, they could show that

the family of pyrochlore iridates is capable of supporting a strong topological insula-

tor, as well as magnetically ordered insulating and metallic states. However, pyrochlore

iridates amassed significant attention when in 2011, Wan and coworkers, using den-

sity functional calculations in the local spin density approximation combined with fi-
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nite correlation and spin-orbit coupling, showed the presence of WSM in this fam-

ily [51, 52]. This work was followed by several other theoretical works, such as the

work by Witczak-Krempa et al., where the presence of WSM phase was reiterated using

tight-binding model and was shown to be stable over a narrow region between metallic

and magnetic insulating phases [2]. Witczak-Krempa also calculated a phase diagram

where various electronic phases were realized as a function of the correlation energy U

and the indirect hopping strength t. In the Weyl semimetallic state, a linear dispersion

was found at a finite number of band touching points in the Brillouin zone which act as

a three-dimensional analog of graphene [2]. One important aspect of this state is that

it may only exist for a select group of magnetically-ordered configurations that satisfy

the inversion symmetry of the crystal such as the AIAO type. Hence the natural candi-

dates to search for Weyl-semimetallic state were the intermediate candidates Eu2Ir2O7,

Sm2Ir2O7, and Nd2Ir2O7, which are known to show all-in-all-out magnetic ordering of

the Ir4+ sublattice. In spite of a lot of experimental efforts, a definitive signature of

WSM state is yet to be observed. ARPES measurements were carried out on small

single-crystalline samples of Nd2Ir2O7, however, that study failed to detect any Fermi

arcs. As the theoretical claim by Wan et al. was further supported by multiple other the-

oretical groups, it is imperative to search for alternate signatures of Weyl semimetal in

pyrochlore iridates. Also, one should not overlook the possibility of realising a myriad

of other novel ground states that could be realized in the pyrochlore iridate as given by

Krempa and coworkers.
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Experimental Methods

Experimental investigation of pyrochlore oxides involves several crucial steps, starting

from the synthesis of a single-phase compound to its structural indexing followed by the

physical characterization. The last step comprises a combination of several techniques,

which is essential to understand the physics and the nature of the ground state. System-

atic structural characterization studies that bridge the link between changes in structure

with physical properties have been lacking for the pyrochlore iridates. Hence, this work

is of substantial importance as high-resolution structural studies along with comprehen-

sive physical characterization are done here to ensure that every conclusion is supported

by complementary probes. This brings us to the experimental methods chapter of this

thesis where we briefly explain the working principle of all the measurement techniques

employed in this thesis for synthesis, structure and physical characterization of the py-

rochlore oxides.

2.1 Synthesis
The compounds studied in this thesis are oxides. Due to the high melting points of the

oxide precursors, it is not always feasible to simply melt them to react together. Instead,

the precursors must be thoroughly mixed and heated to an adequately high temperature

and for a long enough duration ranging from several hours to a number of days or even

weeks for the reaction to complete. This process is termed as sintering. Sintering in-

volves diffusion and chemical reaction of the precursor materials at high temperatures.

As the diffusion also leads to minimization of spaces between particles/grains in the

23
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powder, it also results in densification. The reaction rate can be accelerated by increas-

ing the sintering temperature. The ratio of the precursors is decided based on the final

intended stoichiometry.

For pyrochlore iridates, the precursors used were high purity iridium oxide IrO2

(Sigma Aldrich, 99.99% purity) and rare earth oxides A2O3 (either from Sigma Aldrich

or Alpha Aesar 99.9% purity) whereas for pyrochlore stannates, tin oxide SnO2 (Sigma

Aldrich, 99.99% purity) was used in the place of iridium oxide. For preparing samples

of the composition A2−xBixIr2O7, besides A2O3 and IrO2 as described above, stoichio-

metric amount of Bi2O3 (Sigma Aldrich, 99.9% purity) was also taken in the starting

mixture. The precursors were mixed in an approximate molar ratio to yield the required

A:Ir proportion. The rare-earth oxides were dried overnight to remove any trace of

moisture before weighing it for the reaction. Thorough grinding of the precursors is

necessary to achieve a homogeneous mixture of the reactants. To maximize the contact

between powder grains and improve diffusion, the powder mixtures were placed in a

hydraulic pressure vessel and pressurized to nearly 1500 kg cm−2 to form a solid pel-

let. The pellets are then placed in an alumina crucible and fired in a high-temperature

furnace. A typical sintering cycle ranges between 24 to 48 hours. After every cycle,

the samples were removed, reground, and checked for their phase purity using x-ray

diffraction. If the precursors are found unreacted then the sintering cycle is repeated

again. This process is called to an end once a single-phase compound is formed (within

the precision of lab-based x-ray diffractometer).

In the case of pyrochlore iridates, the pyrochlore phase forms faster at higher tem-

peratures but at the cost of volatile IrO2 losses that tend to sublimate excessively at

temperatures exceeding ≈1050 ◦C. Hence, it is important to sinter these samples at

lower temperatures. This in turn results in longer synthesis duration but simultaneously

cutting the risk of significant Ir losses. Hence, for pyrochlore iridates, synthesis protocol

is tricky and should be carefully monitored as it can significantly affect the final stoi-

chiometry. On the other hand, the synthesis protocol for analogous pyrochlore stannates

is straightforward and a single-phase sample can be easily obtained in 2 to 3 sintering

cycles.
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2.2 Structural and composition characterization
After the rigorous process of synthesis, it is important to examine the sample for its

structural and compositional homogeneity. For this purpose, the samples were examined

using the powder x-ray diffraction and scanning electron microscopy. In some cases, the

powder neutron diffraction was also carried out. The details of these characterization

methods are given in the following section. The data obtained from the diffraction

experiments were analyzed using the Rietveld method which is also briefly described

towards the end of this section.

2.2.1 Powder x-ray diffraction

Powder x-ray diffraction is one of the most powerful tools for bulk structural analysis.

The diffraction process and the subsequent analysis of the data for structure determi-

nation were first proposed by the father-son duo William Henry Bragg and William

Lawrence Bragg in 1913 [53], for which they were awarded the Nobel prize in Physics

in 1915.

Any crystalline material provides arrays of atoms that can act as scatterers of the x-

rays which are nothing but electromagnetic radiations. The interaction between an atom

and the x-ray is primarily through the electron cloud surrounding the atom and can be

modeled via Thompson scattering which describes the interaction between electromag-

netic radiation and a free charged particle. Thompson scattering is elastic scattering and

can also be viewed as low energy form of Compton scattering where the particle’s ki-

netic energy and photon frequency do not change as a result of the scattering. When the

x-rays are scattered by the atoms, the photons add constructively in specific directions

determined by the Bragg’s law given by:

nλ = 2dsinθ (2.1)

Here, d is the spacing between diffracting planes, θ is the incident angle, n is any

integer and λ is the wavelength of the beam. The x-rays can produce diffraction patterns

because their wavelength is of the same order of magnitude as the spacing d between

planes in the crystal.

Form factor gives the measure of the scattering amplitude of a wave by an isolated
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atom. It depends on the nature of incident radiation which then determines the scattering

mechanism. However, the common feature of all the form factors is that they involve

a Fourier transform of a spatial density distribution of the scattering object from real

space to momentum space. The generic formula of the form factor for an object with

spatial density distribution ρ(r) is given as:

f(Q) =

∫
ρ(r)eiQ.rd3r (2.2)

Here, ρ(r) is defined about its center of mass and Q is the momentum transfer. In the

context of x-rays, ρ(r) in the above equation is given by electron charge density about

the nucleus, and the form factor is the Fourier transform of this quantity. Hence, x-rays

are not sensitive to the lighter elements with a small number of electrons. On a similar

note, it is also difficult to distinguish amongst elements with near-by atomic numbers

where the electron charge density is nearly same.

The intensity of the diffraction peaks is determined by the arrangement of atoms in

the crystalline composition. The intensity of the peaks is related to the intensity by a

factor called the structure factor Fhkl.

Fhkl =
m∑
j=1

Njfjexp[2πi(hxj + kyj + lzj)] (2.3)

Fhkl sums the result of scattering from all of the atoms in the unit cell to form a

diffraction peak from the (hkl) planes of atoms. The amplitude of scattered radiation

is determined by the location of the atoms on the atomic planes. The scattering factor

fj quantifies the efficiency of x-ray scattering at any angle by the group of electrons in

each atom. This scattering factor is equal to the number of electrons around the atom at

0◦, hence the intensity of the Bragg peaks decreases with increasing angle.

With the advancement of science and technology, x-ray diffraction measurements

are now capable of rendering significant details about the structure and composition.

This includes but is not limited to lattice parameters, atomic position parameters, atomic

occupancies and so on.

In this thesis, the information extracted from x-ray diffraction measurements is of

significant importance and forms a major part of the thesis. Diffraction experiments

were carried out using both lab-based source as well as synchrotron sources.
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Figure 2.1: Bruker D8 advance diffractometer at IISER Pune. The photograph shows the brag-
brentano geometry of the instrument with the rotating x-ray source and detector as well as the
fixed sample holder.

Lab-based x-ray diffraction experiments were carried out to confirm the phase for-

mation as well as for preliminary determination of lattice constants. The experiments

were done using a Bruker D8 Advance powder x-ray diffractometer, Germany with

Lynxeye detector in Bragg-Brentano geometry. The source was Cu-Kα. The measure-

ments were done on finely ground powder that was filled in a sample holder so as to

create a flat surface in order to avoid any shift in the patterns arising from height differ-

ence. The measured x-ray pattern was matched with the standard data available in the

ICDD PDF-2 diffraction database.

2.2.2 Scanning electron microscopy

The structural and compositional homogeneity of the compounds were further charac-

terized using scanning electron microscopy (SEM, Zeiss Ultra Plus, Germany), equipped

with an energy dispersive x-ray analysis probe (Oxford, UK). In this method, sintered

pellets were examined using a field emission electron beam. A scanning electron mi-

croscope focuses a high-energy (∼keV) electron beam on a small area of the sample.

The incident electron beam can interact with the sample in numerous ways, resulting in

emissions of different electrons and photons.

In the process of stopping the high-energy electrons, the energy released can knock

off some of the electrons of the sample. These are called secondary electrons and they
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carry information of the surface. These electrons are useful in determining surface

topography of the given sample. Some of the electrons from the incident beam are

bounced back from the atomic electron cloud of the sample. The scattering cross-section

of these electrons is dependent on the mass density of the atoms and thus, these back-

scattered electrons (BSE) carry information of high-resolution surface topography as

well as about the structure and the composition. These BSE micrographs were used in

this thesis to study the grain morphology.

Figure 2.2: SEM instrument (Zeiss Ultra Plus) at IISER Pune that was used for EDS and imag-
ing purpose in this thesis.

When the secondary electrons are emitted from the inner shells, the empty shell are
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filled up by the outer shell electrons resulting in the release of x-rays photons. The

energy of these x-ray photons is equal to the energy difference between shells involved

in the transition and is characteristic of the element. Thus, analysis of these x-rays gives

information about the elemental composition of the sample. This technique is known as

Energy-dispersive x-ray spectroscopy (EDS) or analysis (EDXA). The FESEM at IISER

Pune is equipped with a 20 mm2 Oxford Inca EDX detector which enables elemental

identification of samples with an energy resolution of 129 eV.

The energy of the incident electron beam is of crucial importance in this process.

While the lower-energies (0.02 to 5 keV), due to its low-penetration, are desirable for

the determination of the surface topography; for BSE and EDX analysis higher energies

are preferred. The optimum value depends on the elements present in the system. An

empirical rule is to select the excitation voltage at least twice the corresponding exci-

tation energy of the elements present. In the case of pyrochlore iridates, Ir possesses

the highest excitation energy of 9 keV (Kα1). Therefore, to estimate the molar ratio of

elements present in the compounds, an excitation voltage of 20 - 25 kV has been used

in our investigations.

2.2.3 Synchrotron x-ray diffraction

Synchrotron light sources are particle accelerators that use electromagnetic fields to

accelerate charged particles (electrons) to very high energies. Once the high-energy

electron beam has been generated, it is passed through the storage ring consisting of

bending magnets and undulators (periodic structure of dipole magnets). These supply

the strong magnetic fields perpendicular to the beam which are needed to convert the

high energy electrons into photons of desired energy.

The data obtained from x-ray diffraction experiments carried out at synchrotron

sources is high resolution and has many advantages over the conventional lab-based

x-ray source. Some of the qualities are listed below.

• X-rays produced at synchrotron sources offer highly monochromatic beam and a

wavelength selective monochromator can be employed to choose from a range of

values.

• The tunable wavelength enables minimization of background. For examples, lab-

based sources can produce significant fluorescence for iron-rich samples.
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• The x-ray beam at synchrotron sources is very intense which renders data with

superior statistics and improved signal to noise ratio.

• Lab-based x-ray sources use flat-plate geometry for diffraction experiments. This

geometry can have focusing issues depending on the angle, as the area illumi-

nated varies for a fixed slit-width and results in broadening of low angle peaks.

On the other hand, diffraction experiments are done in transmission geometry at

synchrotron sources. The near-parallel beam removes the geometry related issues

of a conventional lab-source.

All the above points combined result in high-resolution data for synchrotron x-ray

diffraction experiments. Information obtained from the analysis of such high-resolution

data offers reliability with a smaller error bar. Hence, it is advantageous to use syn-

chrotron x-ray diffraction experiments while studying systems where subtle changes

are expected due to small variation in the stoichiometry, for example, due to small or

minor change in the doping level.

Figure 2.3: Experimental setup at the MCX (material characterization beamline), Elettra-
synchrotron, Italy. a) Glass capillary filled with sample and mounted on a goniometer which
can be adjusted to align the capillary with the incoming x-ray beam b) The transmission geom-
etry of the experiment where the synchrotron x-ray beam comes from a stationary outlet and
falls on the capillary which rotates about itself. The stopper stops any undiffracted x-rays. The
detector (not shown here) rotates to spans the 2θ range.

As mentioned earlier, diffraction experiments are done in transmission geometry at

synchrotron sources. Absorption can be an issue in transmission geometry for materials
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containing a large fraction of high-Z elements. A highly absorbing sample will result in

a transmission powder pattern with attenuated diffraction peak intensities, especially at

low 2θ angles as the sample absorbs both incoming and diffracted x-rays. This problem

can be mitigated by either using high energy x-rays and smaller diameter capillary or by

diluting the sample with amorphous powder of silica. Otherwise, absorption correction

available in most refinement softwares can also correct this issue to some extent. Typi-

cally for mu ≥5 (where µ is the x-ray absorption coefficient), the data is not acceptable.

Keeping into consideration the absorption, the finely ground sample is then filled

in an appropriately sized glass or kapton capillary and mounted on the sample holder.

This sample holder is then aligned parallel to the beam and continuously rotated 360◦

to avoid preferred orientations. The data range is decided based on the wavelength. The

sample holder and the holder after mounting it for the experiment are shown in figures

below.

In the present thesis, synchrotron x-ray diffraction experiments were carried at Elet-

tra synchrotron, Trieste, Italy; Petra III, DESY (Deutsches elektronen synkrotronen)

Germany and Argonne national laboratory, USA.

2.2.4 Neutron powder diffraction

Neutron diffraction, unlike x-ray diffraction, cannot be performed at laboratory scale

as they require a source of neutrons which are usually produced in a nuclear reactor

or spallation source. At a research reactor, other components are needed, including a

crystal monochromator, as well as filters to select the desired neutron wavelength.

Neutron powder diffraction shares similar principles of operation with x-ray diffrac-

tion. However, contrary to x-rays that interact primarily with the electron cloud sur-

rounding each atom, neutrons scattering occurs at the nuclei and provides complemen-

tary information not accessible with x-rays. Furthermore, the neutron carries a magnetic

moment, which makes it an excellent probe for the determination of magnetic structure.

Scattering of a neutron by the nucleus is mediated by strong nuclear force. The

wavelength of thermal neutrons, of the order of several angstroms, is larger by ∼4-5

orders of magnitude than the dimension of the nucleus. Hence, when the plane wave

of neutrons is scattered off the nucleus, the nucleus acts as a secondary point source

and radiates scattered neutrons as a spherical wave. In this case, ρ(r) is given by the

spatial density distribution of the nuclei, which is a delta function (infinitesimal) with
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respect to the neutron wavelength. As the Fourier transform of a delta function is unity,

the scattering amplitude is independent of Q and hence the measurement angle. Thus,

unlike x-rays, the intensity of peaks in a neutron diffraction pattern does not decrease or

diminish with increasing angle.

Another difference between x-rays and neutron is that, due to the direct interaction

of neutrons with the nucleus, the diffracted intensity depends on each isotope. Hence,

neighbouring elements or even hydrogen and deuterium contribute differently to a neu-

tron diffraction pattern. Also, the scattering length varies from isotope to isotope and

is not proportional to the atomic number. Hence, the scattering does not follow any

standard law and has to be determined empirically.

On the experimental front, neutrons are much preferred over electrons when probing

light elements like oxygen. Neutron can provide accurate information about the posi-

tion and occupancy of oxygen in a compound where x-rays do not provide very reliable

information. The downside of neutron diffraction experiments is that they need sev-

eral grams of compounds for the experiments. This can be taxing while working with

expensive oxides, such as iridates. In this thesis, neutron powder diffraction has been

carried out on pyrochlore stannates with thermal neutrons at Bhabha atomic research

center (BARC), Mumbai, India.

2.2.5 Rietveld refinement

Rietveld refinement method carries the name of its founder, Hugo Rietveld [54]. This

method uses a least square approach to simulate a theoretical line profile by refining the

measured neutron/x-ray diffraction pattern. This method, first introduced in 1967 for

neutron diffraction, brought a revolution in the field of diffraction analysis as, unlike

other techniques at that time, it was able to deal reliably with strongly overlapping

reflections.

A powder x-ray diffraction pattern is amalgamation of Bragg peaks from the sample

with instrumental contributions. With the preliminary input of parameters such as the

space group and Wyckoff position of various atoms, the Rietveld refinement is capable

of revealing much more details about the structure to great precision. Some of the

important steps in the refinement process are listed below.

• Correcting for the zero error. Sample geometry and instrumental configuration
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can result in a zero error, which, if not refined, can introduce artifact in the lattice

constant values.

• Identifying the correct peak positions: Before the refinement proceeds any further,

it is essential to identify the right peak position that can be obtained by refining

lattice parameters.

• Peak profile or shape: The peak profile is comprised of contributions from the

instrument as well as from the sample in terms of particle size and stress/strain. It

is represented by profile functions that determine the FWHM and the peak shape

and is angle-dependent. Obtaining a stable peak profile is essential and can be

tricky.

• Peak intensity: Intensity depends on composition i.e. structure factor and is also

affected by the atomic position and their displacement (the thermal factor).

Agreement between measured and calculated diffraction pattern for all of the above

factors along with modeling the background would result in the successful termination

of the refinement process. A meaningful refinement depends significantly on the res-

olution of the data and statistics and is also reflected in the difference curve between

theoretical and measured pattern. Nonetheless, the quality of the refinement, to some

extent, could be assessed from the goodness of fit parameters. Before defining the good-

ness of fit parameters, we will first define some relevant terminology. By convention, the

intensity values are labeled yO,i, where O indicates these are observed values and i indi-

cates the intensity was measured at 2θ value 2θi. It is necessary to have an uncertainty

estimate for yO,i, which is labeled as σ[yO,i]. This is nothing but the standard uncer-

tainty in the data. The meaning of σ[yO,i] is that if we had the knowledge of true value

of the intensity, labeled as yT,i, say, by measuring it an infinite number of times, then

on average yO,i will be ±σ[yO,i] of yT,i. Hence the expression 〈(yO,i-〈yO,i〉)2〉=σ2[yO,i]

gives expected value where 〈〉 indicates the expected value.

In Rietveld refinement, we are simulating intensities. The calculated intensity value

labeled as yC,i where the subscript C indicates computed intensity. The Rietveld algo-

rithm optimizes the model function to minimize the weighted sum of squared differ-

ences between the observed and calculated intensity so as to minimize
∑

iwi(yC,i −
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yO,i)
2 where the weight wi is 1

σ2[yO,i]
. The first in the list is the weighted profile R-factor

(Rwp).

Rwp =

∑
iwi(yC,i − yO,i)2∑

iwi(yO,i)
2

(2.4)

This factor depends on the uncertainty of each data point. That brings us to the second

parameter, described as the best possible weighted profile R-factor or Rexp. If N is the

total number of data points collected then Rexp is defined as,

Rexp =
N∑

iwi(yO,i)
2

(2.5)

A relevant and most commonly used parameter is the goodness of fit parameter or

the χ2. It is defined by,

χ2 =
1

N

∑
iwi(yC,i − yO,i)2

σ2[yO,i]
(2.6)

It can also be expressed as the square of the ratio of Rwp and Rexp. At the starting of

the refinement, χ2 is typically very large, and as the difference between the calculated

and measured profile reduces, the value gradually comes down. The ideal value of χ2 is

unity.

These parameters along with the difference plot between the computed and mea-

sured profile can help in assessing the quality of the refinement. The Rietveld refine-

ment, when done successfully on a high quality data, is extremely useful in giving the

precise value of multiple structural parameters.

2.3 Physical properties
The samples studied in this thesis were characterized using lab-based instruments, as

well as, were probed with advanced measurement techniques at muon, Neutron and

Synchrotron sources. First, we would describe the lab-based techniques. All the mea-

surements were done using a physical properties measurement system (PPMS) from

Quantum Design, Model 6000, USA. The instrument is equipped with an Ever-cool-II

liquid He refrigerator which provides access to measurement temperatures ranging from

1.9 K to 300 K. Inside the sample chamber the magnetic field can be varied between±90

kOe using a superconducting magnet submerged in the liquid He bath. Separate probes
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were used for different measurements, such as resistivity, specific heat, thermopower,

and dc magnetometry. Their details are presented next.

2.3.1 Electrical transport

Measuring the response of itinerant electrons against an applied bias gives crucial in-

formation about the band structure and the various scattering mechanism present in the

sample. The measurable quantity for electrical transport is the electrical conductivity,

σ, defined as the proportionality constant between an applied electrical field and resul-

tant current density J = σE. The conductivity is inherently a tensor and may contain

off-diagonal elements in the presence of a magnetic field. In the literature, typically,

resistivity is reported which is simply the inverse of the conductivity. Resistivity is

obtained by multiplying the measured resistance (R) of the sample which is cut in the

shape of a rectangular bar of cross-sectional area (A) through which a constant cur-

rent (I) flows and dividing by the length (l) between the voltage probes, as given in the

equation below.

ρ =
RA

l
(2.7)

The measurement might appear trivial; however, there are several intricacies in-

volved that can dramatically affect the measured values. Hence, care must be taken in

order to obtain accurate results. All the resistivity measurements reported in this thesis

were done on well-sintered, rectangular-shaped samples using the four-probe method as

shown in Fig 2.4. We will now elucidate how this measurement protocol has contributed

towards obtaining accurate and noise-free data.

While measuring the resistivity, especially of metallic samples, there can be a signif-

icant contact resistance compared to the resistance of the sample. Hence, to get correct

values, four-probe measurements are necessary. In a four-probe setup, the current is

injected by the outer leads, whereas the inner two leads are used to measure the voltage

drop across the sample. As the internal impedance of the voltmeter is in the order of

100 MΩ, all the current flows through the sample and only sample resistance can be

recorded.

Another problem is Joule heating which can be considerable at low temperatures.

During the measurement, the sample, the wires, and their junction with the sample, all
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Figure 2.4: A schematic showing the four probe method of measuring the electrical resistivity.
I+ and I− are the current probes and V+ and V− are the corresponding voltage probes.

can contribute to Joule heating and will dissipate the heat at the rate P=I2R. This heat can

create local temperature gradient or increase the temperature around the sample. This

issue can be mitigated by using low-resistance wires and a small value of the excitation

current, in the order of milliamperes. In our experiments, we typically used excitation

of 1-5 mA and the contacts were made using 25-micron thick gold wire.

Figure 2.5: Samples mounted with four probe geometry on a PPMS resistivity probe
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Finally, the sample must be free from any cracks and should be cut in a regular

(rectangular) shape. Resistivity measurements are possible on arbitrarily shaped sam-

ples using an alternate method known as the Van-der-paw method. However, in our

case, a rectangular geometry ensured smooth translation of the resistance into resistiv-

ity using equation 2.7. If there are cracks present in the sample, then as the temperature

is ramped down, these cracks can widen and may reflect as arbitrary jumps in the data

that is not intrinsic to the sample. This can also lead to different resistivity curves for

measurements taken during the heating and cooling of the sample. All the sample mea-

sured in this thesis were sintered near their synthesis temperature to ensure crack free

dense sample.

2.3.2 Thermal and thermoelectric transport

Thermal transport includes properties like thermal conductivity and thermopower (also

called as Seebeck coefficient). Thermal conductivity is a measure of the ability of a

material to conduct heat, whereas the thermopower describes the thermal diffusion of

free charge carriers (electrons or holes), which creates an electric field inside a material

when a temperature gradient is sustained. Thermopower is a complex quantity which is

sensitive to changes in the sign and the number of charge carriers and can be a powerful

probe in that regard. Measurement of these properties gives considerable information

about the electronic structure as well as the electron-phonon interaction in a sample.

In this thesis, both thermal conductivity (κ) and thermopower (α), were measured

in the range of 300 K- 2 K using the thermal transport option (TTO) in the physical

properties measurement system by Quantum design. The measurement is done in a four-

terminal assembly which includes (preferably) a bar-shaped sample to be connected to

the heater, hot thermometer, cold thermometer, and a cold finger. The heater and the hot

thermometer are wired close to each other at one end of the sample. The heater is used to

send a heat pulse to the sample and the cold finger acts as a heat sink and is connected

to the thermal bath. This arrangement creates a local temperature gradient across the

sample. The hot thermometer is connected near the heater whereas the cold thermometer

is connected close to the cold finger. These two thermometers monitor the temperature,

and these probes are also used to measure the voltage drop in the case of thermopower

measurements. To avoid radiation losses, all the thermal transport measurements are

done in high vacuum (10−5 Torr) and in addition, the whole measurement assembly is
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encapsulated in a copper shield. The schematic of the sample assembly and a mounted

sample are shown in Fig. 2.6.

Figure 2.6: Schematic of a typical four terminal thermal transport measurement assembly
(adopted from PPMS, Quantum design manual) and image of a pyrochlore sample mounted for
thermopower measurement. The shoe with red dot and blue dot correspond to hot thermometer
and cold thermometer respectively.

κ is measured by applying heat from the heater shoe in order to create a user-

specified temperature differential between the two thermometer shoes. The TTO system

dynamically models the thermal response of the sample to the low-frequency, square-

wave heat pulse, thus speeding up the data acquisition. The thermal conductivity is then

directly calculated from the applied heater power, resulting in ∆T, and sample geometry.

For thermopower, a temperature drop is created across the sample and simultane-

ously the voltage drop created between the thermometer shoes is also monitored. The

additional voltage-sense leads on these thermometer shoes are connected to the ultra-

low-noise preamplifier. There are two modes of measurement for thermal properties:

continuous mode and single mode. In continuous measurement mode, measurements

are being taken continually and the adaptive software is modifying parameters (such

as heater power and period) to optimize the measurements. This measurement is rela-

tively fast due to the rapid processing of the data by the curve fitting algorithm which
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determines the steady state (equilibrium) thermal properties by extrapolating from the

response of a short ( around several minutes) heat pulse. In the continuous measure-

ment mode, the base temperature is ramped slowly and the measurements are recorded

in parallel.

Figure 2.7: Top panel: Time trace of hot and cold thermometers during an idealized heat pulse
where the base temperature is slowly ramped. Middle panel: Corresponding temperature ∆T
and voltage ∆V differentials across the sample, indicating thermal time constants τ1 and τ2 and
the estimate of the asymptotic differential ∆T∞(adopted from TTO manual).

The single measurement mode, on the other hand, refers to a measurement taken at

a given temperature. This mode requires that the system reach a steady state in both the

heater “off” and “on” states, which in turn implies that base temperature ramping is not

possible. In single measurement mode no curve-fitting is involved, so interpretation of

the raw data is more straightforward. The first set of data is taken in the heater “off”
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state. After the user-specified heater power is applied, the system waits until the selected

equilibrium condition is reached before taking the final measurement in the heater “on”

state.

In this thesis, all the measurements are done using the continuous mode, as it offers

high data-density across the wide temperature range. We will now see in detail the al-

gorithm employed during continuous measurement mode. In continuous measurement

mode, once the ∆T vs. time data over the period of the heat pulse is obtained, a non-

linear least-squares fitting routine, which fits the data to the given empirical formula, is

triggered

∆Tmodel = ∆T∞ × 1− [τ1× exp−t
τ1

]− τ2× exp−t
τ2

]/(τ1− τ2) (2.8)

Here ∆T∞ represents the asymptotic temperature drop across the sample in the case

the heater is left on indefinitely, and τ1 and τ2 are long and short empirical time con-

stants, respectively, for the sample. The fitting routine carries out an exhaustive search

in these three parameters space, reducing the space with every iteration until the param-

eter values that yield the minimum residual of the curve fit are identified. The above

mentioned equation is employed to the data collected during the heating pulse, while

the data collected during the cooling pulse is simultaneously fit essentially by reversing

the sign of the model equation: ∆Tmodel,cooling = A − ∆Tmodel,heating, where A is a

constant. Due to prolong thermal diffusion times (τ1), the thermal history of the sample

is crucial and must be considered in the model. This is accomplished by including the

remnant effects of the previous two pulses while modeling the current pulse. For ther-

mopower, the ∆V vs. time data is read back towards the end of the measurement, and

after the ∆T vs. time data is fit to obtain τ1 and τ2, a linear least-squares routine fits

the data to the following equation:

∆Vmodel = ∆V∞ ×
(1− [τ1× exp−t

τ1
]± τ2′ × exp−t

τ2
)

(τ1− τ2′)
+ bt+ c (2.9)

where ∆V∞ is the asymptotic thermopower voltage drop akin to ∆T∞ in equation

2.8, b and c are parameters that describe linear drift and offset voltages, respectively, and

τ2′ = 0...τ1 is swept so that for each value of τ2′ a linear regression in ∆V∞, b and c

is performed. The ± sign situated in between the exponential terms originates from the
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fact that the thermopower of the leads associated with the short time constant τ2 may

be of the opposite sign than that of the sample associated with the long time constant.

This is in contrast to the case of thermal conductivity, which is always positive. The

parameter for the linear voltage drift b is included here to account for varying thermal

voltages in the wiring to the sample and also the slow microvolt-level drift in the preamp

electronics.

2.3.3 Specific Heat

The specific heat probe was used to study the long-range magnetic ordering, and elec-

tronic and phononic excitations in the pyrochlore iridates, as well as to estimate the elec-

tronic coefficient of specific heat. All the measurements were carried out in a calorime-

ter probe attachment of the PPMS. A schematic diagram of the calorimeter is shown

in Fig. 2.8. The calorimeter consists of a sample platform that includes an inbuilt

temperature sensor and a heater. The sample platform is suspended by 8 connecting

wires (Au-Pd alloy) which provide both electrical connectivity to the sensor and the

heater and allow a controlled thermal coupling between the platform and the puck. The

puck is in thermal equilibrium with the sample chamber. Any other thermal losses such

as radiation loss are minimized by carrying out the measurements under high vacuum

(∼ 10−5mbar).

The thermal coupling between the sample and the platform is ensured using the

Apiezon grease. For low temperature measurement (T < 200 K) Apiezon-N grease is

used, whereas, for higher temperature measurements Apiezon-H grease is used. The

platform size limits the size of the sample to a maximum value of 3×3 mm2, whereas

the sample mass can range from 2 mg to 200 mg. The sample is a piece cut from a

sintered and dense pellet.

The specific measurement is a two-step measurement. In the first step, specific heat

measurements are carried out only for the sample platform and the applied grease. The

measurements are done in the temperature range of interest for the sample that is to be

measured. The second step involves, measuring the specific heat of the sample which

now also has the contribution from the platform and the grease. The background of the

platform and the grease can be smoothly removed by subtracting the data obtained in

the first step from that of step two. The advantage of this method is that no knowledge

of the quantity of grease used is necessary. All the measurements were done following
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this protocol.

Figure 2.8: Schematic depicting the sample holder for specific heat arrangement.

At the core of the conversion of raw data into the heat capacity of the sample is the

mathematical model used to describe the temperature response of the sample platform as

a function of time. For this purpose, two models are generally employed. The first one

is a simple model, which, as per the name does the most basic processing of the raw data

measurement. This model assumes that the sample is in good thermal contact with the

sample platform and both of them are at the same temperature during the measurement.

In this simple model, the temperature T of the platform as a function of time t obeys the

following equation

Ctotal
dT

dt
= −Kw(T − Tb) + P (t) (2.10)

where Ctotal is the total heat capacity of the sample along with the sample platform;

Kw is the thermal conductance of the supporting wires; Tb is the temperature of the

thermal bath (puck frame); and P(t) is the power applied by the heater. The heater

power P(t) is equal to P0 during the heating cycle of the measurement and is equal to

zero during the cooling cycle. The solution to this equation is given by exponential

functions with a characteristic time constant τ equal to Ctotal/K.

Heat capacity of grease is always measured using the simple model and most of

the samples are measured using the same model as well. However, when there is poor

thermal contact between the sample and the platform, the software uses the more so-

phisticated two-tau model to measure the heat capacity.

Two tau model is used when poor thermal contact between the sample and the plat-

form results in a temperature difference between the two. This basically implies two

different relaxation time constants for the sample and the stage. The two-tau model

simulates the effect of heat flowing between the sample platform and sample, and the
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effect of heat flowing between the sample platform and puck. The following equations

express the two-tau model:

Cplatform
dTP
dt

= P (t)−Kw(Tp(t)− Tb) +Kg(Ts(t)− Tp(t)) (2.11)

Csample
dTs
dt

= Kg(Ts(t)− Tp(t)) (2.12)

where Cplatform is the heat capacity of the sample platform, Csample is the heat ca-

pacity of the sample, and Kg is the thermal conductance between the two due to the

grease. The respective temperatures of the platform and sample are given by Tp(t) and

Ts(t).

For the data fitting purpose, a nonlinear, least-square fitting algorithm is used where

the system compares the solution given by the simple model with the actual measure-

ment. The parameter values that give the smallest deviation to the fit determine the heat

capacity. The susceptibility of the fit deviation (χ2) to the minor variations in the fitting

parameters is used to estimate the error in the heat capacity. Except while measuring the

grease, a fit to the solution of the two-tau model is also carried out. The heat capacity

values derived in this manner are used only if it has lesser deviation compared to the

simple model. Under certain circumstances, the fit to the two-tau model does not con-

verge, in which case the simple fit is used as default. This type of lack of convergence

can occur when the sample is perfectly attached to the platform, and thus the simple

model is correct. Difficulties in fitting can occur when the sample has poor contact with

the platform and the heat capacity of the sample is not large enough compared to the

platform. In such a scenario, the sample coupling is erroneously shown to be 100% and

the simple model is employed in non-ideal conditions.

In the case of the simple model, the sample heat capacity is computed from the

difference between the total heat capacity of the fit and the addenda heat capacity. In

the case of simple model, τ1 = Ctotal/Kw and τ2 = 0 and sample coupling is 100%.

When two-tau model is employed, the addenda heat capacity Caddenda is retrieved from

a previously measured addenda table and Cplatform is treated as a constant equal to

Caddenda in the fitting routine. In this case, τ1 = 1/(α−β) and τ2 = 1/(α+β) and the

sample coupling is computed as 100×Kg/(Kg +Kw).
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The expressions for α and β are given by:

α =
Kw

2Cplatform
+

Kg

2Cplatform
+

Kg

2Csample
(2.13)

β =

√
(KgCsample+KgCplatform)2+K2

wC
2
sample+2KwKgC2

sample−2KwKgCsampleCplatform

2CplatformCsample

(2.14)

2.3.4 dc susceptibility

The dc magnetisation measurements were carried out using a vibrating sample magne-

tometer (VSM) probe inside the PPMS cryostat. The working of VSM is based on the

principle of generation of voltage in a coil upon a change in the magnetic flux. In VSM,

the induced voltage generated by the sample is translated into equivalent electromag-

net units using a standard calibration. This mechanism is described by the following

equation.

Vcoil =
dφ

dt
=
dφ

dz

dz

dt
(2.15)

Where φ represents the magnetic flux through the coils, z is the vertical position of

the sample with respect to the coil, and t is the time.

The measurement setup comprises of a linear motor to vibrate the sample inside

the pickup coil-set, the first-order gradiometer coil-set consisting of a pair of secondary

coils wound around in opposite directions to each other, and the voltmeter to detect the

signal from the pickup coil. The sample holder is made up of quartz and the sample is

mounted on the holder using a non-magnetic GE varnish. The sample is placed at the

center of the coil. The superconducting magnet in the PPMS cryostat is used to generate

a uniform dc magnetic field around the sample. As the linear motor vibrates the sample

between the coil-set, the magnetic flux due to induced magnetisation on the sample by

the dc field varies with the same frequency and thus induces a voltage in the pickup coil.

The pick coil offers oscillation amplitude up tp 1-3mm in the frequency range of 1-100

Hz, with a resolution of around 10−5emu.
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2.4 Muon spin spectroscopy
Muon spin spectroscopy (µSR) is a technique that tracks the muon spin behaviour as

it passes through the sample to probe the magnetism in the given sample. Muons

are subatomic particles with a lifetime of 2.2µs. Muons are spin 1
2

particles with the

same charge as protons and their mass is 207 times that of the electron. Due to their

heavy mass, they are not sharply accelerated by electromagnetic fields and do not emit

bremsstrahlung radiations. This facilitates their much deeper penetration into the mat-

ter compared to the same energy electrons. In addition, the muon has a much smaller

(larger) gyromagnetic ratio than the electron (proton) and can be used to study local

magnetic fields. Muons are present in the atmosphere and are generated by cosmic rays

hitting the atmosphere. However, for measurement purposes, muons with certain energy

are necessary and can be produced at neutron sources.

Muon spin rotation/relaxation (µSR) was first realized in the 1950’s when funda-

mental experiments studying the asymmetry of the muon decay noted the preferential

emission of positrons from positive muon decay along the spin orientation could be

used as a local probe of interstitial regions in solid materials [55]. For the experiments,

muons can be generated in a multi-step process. In the first step, high-energy protons

( > 500 MeV) are collided onto a solid target of Carbon or Beryllium. This collision

process results in the pion production. The high energy protons interact with the light

nuclei resulting in the creation of pions in the following manner:

p+ p = π+ + p+ n (2.16)

p+ n = π+ + n+ n (2.17)

p+ n = π− + p+ p (2.18)

Now the pion is an unstable particle that decays with a lifetime of ∼26 ns via the weak

interaction into a muon and a corresponding neutrino shown as per the following equa-

tion.

π± = µ± + vµ (2.19)

When the spin zero particle, pion, at rest undergoes decay then in its rest frame
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the conservation of linear momentum demands that the resulting muon and antineutrino

must be emitted in opposite directions. As the spin and momentum vectors of neutrino

must be antiparallel, by conservation of angular momentum, the emitted muon also must

have a definite spin with respect to antineutrino. Thus, the muons are also produced in

a chiral state having spin and momentum vectors antiparallel. These muons are further

filtered into a spin-polarized monochromatic beam. For condensed matter experiments,

only positive muons are used with a typical energy of∼26 MeV. Positive muons readily

lose energy through electrostatic interaction with the lattice and come to rest near the

site of lowest electronegativity or near the anion. The polarization of muon is unaffected

in this interaction. Once collided, the stopping length of the muon is of the order of 100-

300 µm for the solid-state samples; hence, it is more of a bulk probe than being surface

sensitive. Thus, the experimental setup with muons do not require ultra-high vacuum

environment.

In a typical µSR experiment, the polarised muons are incident on the sample where

they get implanted at the interstitial sites and stay there until their decay via weak inter-

action into a pair of neutrino and positrons.

µ+ = e+ + ve + vµ (2.20)

The decayed products are then detected by the detectors, which carry the information

about the internal field of the sample at the time of decay. An important principle

involved in this decay makes muons an effective probe of magnetism, which concerns

the parity violation in this decay process where the positron is emitted preferentially

along the direction of its spin. Though a single decay event cannot determine the spin

orientation, one can determine the statistical average direction of the spin polarization by

measuring the anisotropic distribution of the positrons decayed from muons implanted

in identical conditions in the sample. The time evolution of the muon spin polarization

depends sensitively on the spatial distribution and dynamical fluctuations of the muon’s

magnetic environment. The probability of the positron emission at an angle θ relative to

the spin S is shown in Fig. 2.9, and is given by the equation:

P ∼ [1 + α(ε)cosθ] (2.21)
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Where α(ε) depends on the positron kinetic energy, ε. As muons with all the ener-

gies are detected, the average over all the possible energies yields an average asymmetry

for positron emission of α = −1
3
. As muons are also emitted in all possible directions,

several detectors are employed for the measurement. In the present study, the muon-

Figure 2.9: Angular distribution of positron from µ+ decay. The asymmetry a = 1/3 when all
positrons energies are detected with equal probability.

spin spectroscopy studies were performed at Paul Scherrer institute (PSI) on the GPS

(general purpose spectrometer) and LTF (low-temperature facility) spectrometer in con-

ditions of zero-magnetic field (ZF-µSR). The muon source at PSI is a continuous muons

source with the highest flux in the world. A valid measurement is counted only when

a single muon is present in the sample at a given time and a continuous supply of such

muons facilitates observation of a very fast relaxation rate. The experimental geometry

of GPS is given in Fig. 2.10.

The recoiled positrons form the muon decay process are then captured by the de-

tector arrangement consisting of a muon detector (M), 6 positron detectors (Forward,
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Figure 2.10: Detector geometry for general purpose spectrometer at PSI (adapted from PSI
website)

Backward, Up, Down, Right Left, with respect to the direction of the incident beam)

and a Backward veto detector, which helps to get rid of the muons passed through the

sample and their decayed positrons, by collimating them to a blank spot. By measuring

the asymmetry, one gets the frequency of precession of the implanted muons which is

related to the magnetic field B via ω = γµB where γµ = ge
2mµ

is the gyromagnetic ratio.

In a magnetically ordered solid, the implanted muons precess in the internal magnetic

field making it possible to not only determine the phase transition temperature but, de-

pending on the form of the asymmetry function, also the nature of magnetic ordering

(i.e., long-range ordering versus spin-glass or cluster glass-like inhomogeneous order-

ing). Due to the large magnetic moment of muon, µSR is very sensitive to extremely

small magnetic fields (∼ 10−5T).

2.5 Hard x-ray photoelectron spectroscopy
Photoelectron spectroscopy is an analysis method first reported by Kai. M. Siegbahn in

the 1950’s [56]. Photoelectron spectroscopy simply uses the photoelectric effect where
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the incident photons can result in the emission of electrons from the solid. With known

photon energy and by measuring the kinetic energy of the emitted electrons Ek, the

binding energy EB of the electrons in the solid can be determined using the following

equation;

EB = Ephoton − φ− Ek (2.22)

Here φ is work function specific to that sample. The photoemission spectrum could

be obtained by detecting the electron flux as a function of their kinetic energy. Such

a photoelectron spectrum is typically plotted against the binding energy and contains

various features. The spectral features of the photoelectron spectrum are dependent

on the probability of photoexcitation in a given solid. The crude approximation of the

probability, P, that given photon energy would excite an electron from its ground state,

ψi to the excited state ψf is given by Fermi’s golden rule.

Pi,f ∝ 〈ψf |T |ψi〉2.δ(Ef − Ei − Ephoton) (2.23)

Here the transition is assumed to be an electronic dipole transition induced by the dipole

operator T. The consequence of the electronic dipole operator T is that only the states

satisfying the dipole selection rules can contribute to the spectrum. The dipole selection

rules are given by the difference in the quantum numbers,

∆J = 0,±1 (2.24)

∆MJ = 0,±1 (2.25)

∆S = 0 (2.26)

where J, MJ , and S represent the total angular momentum, secondary total angular

momentum, and the spin respectively. This energy selectivity rule results in different

binding energy for different atoms. But this is not the only factor that impacts the resul-

tant binding energy. The approximation in Fermi’s golden rule does not consider any

interaction between the electrons in the solid. However, in real experiments, various in-

teractions impact the photoemission spectrum. The most common effects are discussed

here.
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2.5.1 Spin-orbit coupling

The photoemission process creates a core-hole in the solid. This core hole has a spin S

= 1/2 moment and the quantum number L = 0, 1, 2, ... of the excited electron. For a

strong spin-orbit interaction this results in a doublet peak to appear for L > 0.

J± = L± S = L± 1

2
(2.27)

Thus, all the orbital levels with the exception of s levels (L = 0) renders a doublet

with two possible states with different binding energies. These doublet peaks will have

specific area ratios based on the degeneracy of each spin state, which essentially implies

the number of different spin combinations that can give rise to the total J. For example,

in the case of 2p spectra, where n is 2 and L is 1, J will take the value 1/2 and 3/2. Then

the area ratio for the two spin-orbit peaks (2p1/22p3/2) will be 1:2 (corresponding to 2

electrons in the 2p1/2 level and 4 electrons in the 2p3/2 level). These ratios are essential

when analyzing the spectra of the p, d, and f core levels.

2.5.2 Chemical Shifts

The same element with different valence state has distinct electron configuration. The

core-level binding energies of the two different valence states of the given element will

be shifted by ∆EB due to the fact that the core screening of the electrons is different for

the two species. This can be modeled as

∆EB = K(QA −QB) + (VA − VB) (2.28)

where K is an empirical constant describing the extent of the screening as described

above, QA −QB is the charge difference between the two chemical states A and B and

VA - VB the potential difference between state A and B constituted by the rest of the

electron system. In this manner, chemical change of the material can be identified by

changes in the electron binding energy and different chemical species with their valence

states can be identified.
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2.5.3 Satellite peaks

Photoelectron spectra sometimes contain what is known as satellite peaks. The satellite

peaks can originate as a result of non-monochromatic excitations or can be a product of

the electronic structure of the material. Such peaks are often observed in the vicinity of

core-level peak and can originate from the interaction of the excited electrons with its

surrounding. However, the presence of such peaks can lead to confusion in the cases

where the position of the satellite peak matches with the peak position of another valence

state. In such cases, the use of hard x-ray source can give high-resolution photoemission

pattern with distinct line shapes and can lead to less ambiguous interpretation of the

pattern.

Here, we discuss some of the advantages of using HAXPES over conventional XPS

sources.

2.5.4 Hard x-ray photoemission spectroscopy

The conventional definition of hard x-rays photoemission spectroscopy applies to exper-

iments done with photon energy above the Al kalpha energy of around 1400 eV. However,

HAXPES experiments are usually done at synchrotron sources where monochromatic

beam with high energy (∼ 6-8 keV) is available. The use of high energy produces pho-

toelectrons with high kinetic energy, thus increasing their inelastic mean free path (the

longest distance traveled without an inelastic scattering event). The inelastic mean free

path decides the information depth. Thus, using HAXPES, one can probe the bulk of the

sample as the information depth of HAXPES can be as high as d = 15 nm. However, the

disadvantage here is that with increasing photoelectrons energy, the photo-ionization

cross-section σ decreases. This implies, that HAXPES experiments can only be per-

formed at beamlines with high photon flux of 1 × 1011 Ph/s.

In this thesis, all the HAXPES experiments are carried out at the P22 beamline,

Deutsches Elektronen Synkrotronen, Germany. Now, we will briefly describe the work-

ing of HAXPES setup at the P22 beamline.

2.5.5 Working principle of instrumental setup

The P22 HAXPES beamline is specified for photons in the range of 2.7 keV to 15 keV.

Significant fluxes of up to 2× 1013 ph/s at 8 keV can be achieved. This allows for much
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Figure 2.11: Schematic of hemispherical analyser. The electrons from the sample pass through
lens (electron optics) before entering the analyser through entrance slit S. The electrons exit after
passing through the analyser where they are captured by the detector.

faster scans and compensates for the lower cross-sections at the higher photon energies.

Any XPS experiment must be done at high vacuum to permit electron detection without

additional scattering between the sample and the detector. An electrostatic 180◦ hemi-

spherical analyzer (HSA) is employed to analyze in energy the electrons expelled from

the sample. This electrostatic instrument consists of two concentrically arranged metal-

lic hemispheres and enables to ‘distribute’ the electrons as a function of their kinetic

energy. With this intent, a potential difference ∆V is applied between the inner and

outer shells of radius R1 and R2, respectively. Both the hemispheres are maintained at a

negative potential, with V (R2) < V (R1). At a given ∆V, ideally only the electrons with

a well-defined kinetic energy Ep are able to complete their path along the medial trajec-

tory of radius R0 = (R1 + R2)/2 (R1 and R2 radii of the inner and outer hemisphere) and

emerge at the exit slit. Ep is called pass energy and its values range between 5 and 50

eV for XPS measurements. Crucially, the pass energy determines the energy resolution

of the analyzer, which quantifies the ability to separate peaks that differ in energy by
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only small amounts.

Figure 2.12: HAXPES setup at P22 beamline, Petra III, DESY, Germany.

In order to facilitate scans over arbitrary kinetic energy spectrum, the electrons are

decelerated (or accelerated) to the kinetic energy Ep by a potential difference VR inside

the lens system placed between the sample and the entrance slit. The number of elec-

trons is measured by the detector located behind the exit slit of the analyzer. Therefore,

by scanning VR, a spectrum of the photoelectron intensity as a function of the kinetic

energy is recorded, the measured kinetic energy being simply −e.VR + Ep. When VR =

0, the Fermi levels of sample and analyzer coincide (in the experimental setup, both the

objects are grounded), whereas they are separated by VR when the retarding voltage is

applied. However, due to the different values of the work function, the vacuum levels

for the sample and the analyzer do not coincide even for VR = 0. From the energy level

diagram illustrated in Fig. 2.13 (adapted from ref 13) it then follows

Eb = ~ω − (Ep − Φanalyser − VR) = ~ω − Evac(analyser − Φanalyser (2.29)

This demonstrates that the work function of the analyzer, instead of the work function of

the sample, needs to be taken into account. Φanalyser is included in the equation as in the

experiment the kinetic energy scale is referenced to the vacuum level of the analyzer. To

keep Φanalyser constant, all electrodes are covered with a chemically inactive substance

(such as gold or graphite).
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Figure 2.13: Schematic of different energy levels involved in a photoemission experiment. EB
is the binding energy of electrons and ~ω is the kinetic energy of the electrons knocked off from
the sample. Evac(sample/analyser) is the vacuum energy with respect to sample and analyser
respectively. Φ represents the work function.



Chapter 3
Effect of stuffing in pyrochlores

We discussed in the introductory chapter about the possibility of realizing a plethora of

ground states in pyrochlores A2B2O7 depending on the choice of A and B sites. In this

chapter, we will study how the dilute substitution of A at the B site or vice-a-versa can

affect the ground state properties of the pyrochlore compounds.

3.1 Stuffing in pyrochlore oxides
In pyrochlore oxides, cation anti-site disorder is commonly referred to as ‘stuffing’ (for

A-site ion occupying the B-site) or ‘negative stuffing’ (when the reverse happens). Di-

lute stuffing or anti-stuffing can be done by modifying the stoichiometric proportion of

the starting precursors. Stuffing can readily affect the structure due to the difference

in the ionic radii of A and B cations. But apart from changing the structural parame-

ters, it can also have a significant effect on the physical properties. For example, the

charge imbalance due to different oxidation states of A and B cation would affect the

oxygen content and can introduce charge carriers. Also if either A or B cation or both

are magnetic, stuffing can have a dramatic effect on the magnetic ground state.

Initially, stuffing in the pyrochlore titanates (A2Ti2O7) was reported and systematic

studies were performed to understand the variation in physical properties as a conse-

quence of stuffing. In recent years, such studies on the insulating titanate pyrochlores

unveiled several interesting aspects of their ground state properties [57–59]. For exam-

ple, dilute Yb stuffing in the pyrochlore Yb2Ti2O7 is reported to have a significant effect

on the magnetic ground state as the ferromagnetic Tc is suppressed by nearly 25% by a

55
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mere 2% stuffing, and the shape of the specific heat anomaly also changes considerably

signifying a change in the nature of magnetic long-range orderings.

However, similar studies on other families of pyrochlore oxides such as pyrochlore

iridates (A2Ir2O7) have been lacking. The volatile nature of iridium, and a prolonged

sintering period of several weeks required for their synthesis makes the pyrochlore iri-

dates prone to unintentional off-stoichiometry or stuffing during the synthesis. This is

reflected in the discrepancy related to structural parameters and physical properties of

these pyrochlores as found in the literature (details in the next section). Therefore, it is

desirable to investigate and understand the effect of stuffing in the iridate pyrochlores.

In this chapter, we address this problem by carrying out a detailed study of the struc-

tural variation and consequent changes in the physical properties due to stuffing in the

pyrochlore Eu2Ir2O7.

For a better understanding of the effect of stuffing on the O-position parameter, it is

desirable to have the neutron diffraction data due to the higher sensitivity of neutron to

lighter elements. However, due to a large neutron absorption cross-section of both Eu

and Ir, it is difficult to carry out neutron studies on Eu2Ir2O7. Hence, for this purpose, we

also synthesized and studied stuffed samples of the pyrochlore Yb2Sn2O7. The details

are given in Appendix A.

3.2 Motivation for stuffing in pyrochlore iridate Eu2Ir2O7

Eu2Ir2O7 (EIO) undergoes a long-range antiferromagnetic ordering concomitant with

the metal to insulator transition at 120 K (TMI). Upon cooling below TMI, the resistivity

(ρ) of EIO increases sharply, the state below this temperature is therefore dubbed as the

’insulating’ state. On the other hand, in the ’metallic’ state above TMI, ρ(T ) exhibits

an anomalous behavior with the slope dρ(T)/dT negative in some reports [4, 45, 46, 60]

and positive in others [61, 62]. However, what causes this stark sample dependence of

dρ(T)/dT in the ’metallic’ state has not been properly investigated to the best of our

knowledge. In addition, the lack of reports of structural characterizations has made it

difficult to corroborate any structural variation with the physical properties. A recent

high-pressure investigation by Tafti et al. [63] shows that the sign of dρ(T )/dT above

TMI depends sensitively on the external pressure changing its sign from negative under

ambient or low pressures to positive above 6 GPa. Hence, it is natural to speculate that
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the structural changes are responsible for such effects. Due to the ionic-size mismatch

between Eu3+ and Ir4+, a minor Eu-Ir off-stoichiometry in a nominally stoichiometric

EIO sample may also induce a small chemical pressure, the question is will this pressure

be large enough to explain the sign of dρ(T)/dT in various EIO samples previously

reported? In this chapter, we will discuss our attempt to resolve this discrepancy by

investigating the structure and physical properties of six different EIO samples.

3.2.1 Synthesis Protocol

The volatility of IrO2 and prolonged sintering duration makes it extremely important

to follow a certain synthesis protocol for pyrochlore iridates and even more so in a

comparative study. We synthesized six different samples and closely tracked the weight

loss at each step to understand the various factors that affect the stoichiometry of the

final compound.

Six different EIO samples, labeled as A, B1, B2, C1, C2, and D were prepared using

the precursors Eu2O3 (Sigma Aldrich, 99.9 %) and IrO2 (Sigma Aldrich, 99.9 %). The

ratio Eu/Ir in the starting composition was varied as: Eu/Ir = (1−s)/(1+s) where s = 0

(A), s = 0.01 (B1), s = −0.01 (B2), s = 0.02 (C1), s = −0.02 (C2) and s = 0.015

(D). As opposed to samples A, B1/B2 and C1/C2 that were synthesized in air, sample

D was partly treated under vacuum as described later. The reactants were weighed with

a precision of 0.1 mg. After weighing they were thoroughly ground together in an agate

mortar and pestle. Subsequently, the mixtures were cold-pressed in a 13 mm stainless

steel die under a pressure of 1500 Kg cm−2. The pellets were fired in air at temperatures

ranging from 800 up to 1070 ◦C in the following sequence.

Batch 1: Sample A was synthesized by sintering for a total of 374 hrs with almost 20

intermediate grinding/cold-pressing cycles, and by progressively increasing the temper-

ature in subsequent cycles. To prevent loss of volatile IrO2, the temperature increment

between any two successive firing cycles was never allowed to exceed 10 ◦C; and for

the same reason only 10 % of total synthesis time was used for sintering at temperatures

higher than 1030 ◦C.

Batch II: In batch II samples B1 and B2 were synthesized using the same protocol

as used for A but in this case the highest sintering temperature employed was reduced

to 1000 ◦C.

Batch III:: Samples C1 and C2 were synthesized in batch III. In this case, due to
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a higher level of off-stoichiometry, the precursor materials took longer to react fully.

Altogether, these compositions were sintered for 574 hrs with over 43 intermediate

grinding/cold-pressing cycles at temperatures less than 1070 ◦C.

Batch IV: Sample labeled D was synthesized separately in bach IV with 20 inter-

mediate grinding/cold-pressing cycles for a total of 320 hrs at temperatures less than

1030 ◦C in air. At this point, the unreacted Eu2O3 and IrO2 peaks were still present.

Instead of sintering it further in air at higher temperatures, as done in the case of batch

III samples, here an alternate route was employed wherein the sample was annealed at

1100 ◦C for 60 hrs under high vacuum. This was done to suppress the loss of Ir during

sintering to induce negative stuffing as discussed later. The product obtained at the end

of this treatment was reground and palletized, and subjected to final sintering at 1000
◦C for 12 hrs.

The synthesis process in each case was called to an end only after the powder x-

ray diffraction indicated the formation of the pyrochlore phase with minor or no traces

of diffraction peaks due to the precursor materials. The pyrochlore phase forms faster

at higher temperatures but at the cost of volatile IrO2 loss from the sample that tends

to sublimate excessively at temperatures exceeding ≈1050 ◦C owing to its high vapor

pressure. Normally, this loss can be quite significant if the sample is not sintered for a

long enough duration at lower temperatures to react IrO2 with Eu2O3.

3.2.2 Effect of stuffing on the structure

During the synthesis process, the phase formation was continuously monitored using a

Bruker D8 Advance powder x-ray diffractometer. However, the diffractogram collected

towards the end of the synthesis could not capture the difference in the lattice parame-

ters of different samples. Also due to the high neutron absorption cross-section of Eu

and Ir, structural determination using neutron scattering data, which would have given

more accurate information of the O(48f) positional parameter, was not possible in EIO.

Hence minor variations in the unit cell parameters of our variously treated EIO sam-

ples were studied using the high-resolution synchrotron powder x-ray diffraction tech-

nique. High-resolution data was collected at the powder diffraction beamline (MCX)

of the ELETTRA synchrotron radiation facility, Trieste, Italy. For this purpose, a Hu-

ber 4-axis x-ray diffractometer equipped with a fast scintillator detector was used [64].

The disadvantage of the x-ray is that it is not very sensitive to the position of lighter
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oxygen ion. As a result, the parameter u, which decides the position of O(48f ) ion,

remains vaguely defined. However, this problem is partly overcome using the high-

resolution synchrotron radiation and a point detector that allows for the determination

of the lattice parameter to very high precision. The sample was prepared in the form of

a finely grounded powder that was placed in a glass capillary tube of inner diameter 0.1

mm. During the experiment, the capillary was rotated at an angular speed of 180 rpm.

Diffractograms were collected in the range 10◦ ≤ 2θ ≤ 46◦ with a step size of either

0.005◦ (A and D) or 0.01◦ (B1, B2, C1, and C2), and a counting time of 1s at each step.

The incident beam energy was set at 19.7 keV (λ = 0.6294Å).
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Figure 3.1: High-resolution synchrotron powder x-ray diffraction data of various Eu2Ir2O7

samples A, B1, B2, C2, C1 and D (see Table 3.1 for details) in the 2θ range covering the Bragg
peak (6 2 2), chosen as representative to demonstrate a slight rightward shift of the pattern from
C1 to A0 (dashed line is a guide to eye).

We observed minor unreacted precursor phases in the high-resolution synchrotron

x-ray diffraction pattern. The extra phase(s), if any, in all the samples are recorded in

the Table 3.1. Direct correspondence of the impurity phases with the starting compo-

sition and the sintering method was observed. For example, in sample A, where the

starting composition was stoichiometric, some loss of IrO2 during the synthesis may

have resulted in traces of unreacted Eu2O3 in the final product. In sample B1, on the

other hand, 1 % excess IrO2 in the starting mixture probably compensated for this loss,
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resulting in phase pure diffraction pattern with ratio Eu/Ir closer to the ideal value. Sam-

ple D was sintered under vacuum after a preliminary reaction of the precursors in air at

T ≤ 1030 ◦C. Upon sintering under vacuum for about 60 hrs at 1100 ◦C, the final

product had the desired pyrochlore phase as the main product but along with that minor

diffraction peaks revealing the presence of IrO2 and Ir metal were also detected. This

is the only sample where Ir-metal peaks were present, which is perhaps the main draw-

back of sintering under vacuum. The advantage, however, is that by sintering under

vacuum iridium losses can be minimized. It has been reported that at high temperatures,

IrO2 absorbs oxygen from its surrounding atmosphere to form a highly volatile oxide

of iridium, namely, IrO3 (Ref. [65]). Thus sintering under inert atmosphere or vacuum

prevents Ir losses by suppressing the IrO3 formation. This is apparently the reason why

vacuum sintered samples or those obtained from KF flux tend to show slight Ir excess

in their measured stoichiometry [61, 66]. Fig. 3.1 shows the Bragg peak (6 2 2) ob-

tained using the synchrotron data. The shift in position (2θ) of the is apparent from Fig.

3.1 and depicts the variation in lattice parameters in different samples. The immediate

conclusion from this graph is that the lattice parameter of sample C1 is the largest and

that of D the smallest. To get the precise value of lattice parameters and other rele-

vant structural parameters we performed structural refinement on the data sets of all the

samples.

The structure refinement was done by the Rietveld method using the FullProf soft-

ware [67]. In Fig. 3.2-3.4, a match between experimental and calculated pattern is

shown for all the six samples. The observed diffraction patterns in each case can be

well-fitted to the pyrochlore structure. A mixed-phase refinement was carried out for

samples with precursor impurity peaks. The total amount of impurity phases in our

samples varied between 1 and 2 %. The data were fitted using the Thompson-cox-

Hastings pseudo-Voigt line profile function to account for the slight peak asymmetry.

Absorption correction was also taken into account, which is important for the samples

with heavier elements [64]. The refinement was considered to have converged when the

shifts in the parameters being refined became less than 10% of their estimated standard

deviation. The lattice constant (a), variable O-position parameter (u), isotropic thermal

parameters (B), and occupancies of Eu and Ir were treated as variables. Several models

were employed to refine the occupancies. However, the model where Eu and Ir occu-
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pancies were refined by imposing the constraint that sum of occupancies at 16c and 16d

sites to 2, yielded the best fit. Such a constraint is commonly used in structural studies

on stuffed pyrochlores [62]. Since oxygen is not very sensitive to x-ray scattering, the

occupancies of both the O-sites were fixed as fully occupied. The main results of the

Rietveld refinement are collected in Table 3.1. Good quality of the refinement can be

inferred from the fitted and the difference plots in Fig. 3.2. A moderately low values of

the goodness-of-fit (χ2), and of the R-factors (Rwp, Rp and Re) reflects a satisfactory fit

in each case.

As shown in Table 3.1, the lattice parameter of our samples, obtained for each sam-

ple from the Rietveld refinement of the x-ray diffraction data for 2θ = 10◦ to 46◦ , vary

slightly, which is related to the Eu-stuffing discussed further. The average value of the

lattice parameter of our samples is 10.302 Å, which agrees fairly nicely with the same

value reported by Chien and Sleight for their air synthesized sample [68]. This value

is, however, bigger than a = 10.274 Å, for single crystal specimens grown using KF

flux [66]. This difference can be attributed to negative stuffing (i.e., Ir occupying the Eu

site), as argued by Ishikawa et al. [61]. In the present study, only sample D, that was

treated partly under vacuum is probably negatively stuffed and accordingly, it has the

smallest lattice parameter (a = 10.297 Å). The u-parameter in our samples lies in the in-

terval between 0.33 and 0.34. The error bar on the value of u, listed in Table 3.1, is taken

directly from the output file of our Rietveld refinement; the actual standard deviation is

expected to be much larger due to insensitivity of x-ray to the oxygen position. We shall,

therefore, content ourselves with the average value of u which is, ∼ 0.334, in a fairly

good agreement with similar values previously reported [34]. The actual variations in

the value of u of our samples due to stuffing are, at any rate, not expected to be very

significant since the overall change in the lattice parameter itself is rather small. The

average values of Ir−O(48f ) bond length and Ir−O(48f )-Ir bond angle for our various

EIO samples is around 2.03 Å, and nearly ∼127 ◦, respectively. Both these values are

comparable to the values previously reported for other iridate pyrochlores [69].

We now turn to discuss the changes in lattice parameters which can be readily seen

from Fig. 3.1 and is further quantified by the lattice parameters obtained from the struc-

tural refinement. We associate the observed variation in the lattice parameter in our var-

ious EIO samples with the level of Eu-stuffing at the Ir-site, which appears to be valid
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Figure 3.2: Rietveld refinement of composition A and B1. Inset compares precursor impurities
with pyrochlore phase, e: Eu2O3; i:IrO2; p:pyrochlore phase and * marks unidentified phase.
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Figure 3.3: Rietveld refinement of composition B2 and C1. Inset compares precursor impurities
with pyrochlore phase, e: Eu2O3; i:IrO2; p:pyrochlore phase and * marks unidentified phase.



64 Chapter 3. Effect of stuffing in pyrochlores

0

3

1 0 1 5 2 0 2 5 3 0 3 5 4 0 4 5

0
1 1 . 2 1 1 . 4 1 1 . 6 1 1 . 8 1 6 1 7 1 8 1 9

1 1 . 2 1 1 . 4 1 1 . 6 1 1 . 8 1 6 1 7 1 8 1 9

 In
ten

sity
 (1

03  ar
b. 

un
its) C 2

 O b s e r v e d
 C a l c u l a t e d
 D i f f e r e n c e

 

 2 θ ( d e g r e e )

D  O b s e r v e d
 C a l c u l a t e d
 D i f f e r e n c e

p

 

i p

 

e

 

p ep

 

Figure 3.4: Rietveld refinement of composition C2 and D. Inset compares precursor impurities
with pyrochlore phase, e: Eu2O3; i:IrO2; p:pyrochlore phase and * marks unidentified phase.
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given that the Eu:Ir ratio in our samples scales with the lattice parameter as shown in

Table 3.1. Our results are also analogous to reports of change in lattice parameter due to

minor stuffing in the pyrochlore titanates [57,70]. Since the ionic radius of Eu3+ (1.066

Å) is bigger than that of Ir4+ (0.62 Å) (Ref. 71), stuffing of Eu3+ at the Ir-site results in

an expansion of the lattice. On the other hand, a small level of negative stuffing causes

the lattice to contract slightly. In the refined structural data, the extent of Eu-stuffing is

shown in Table 3.1. Samples C1 and C2 are Eu-stuffed beyond the measurement errors.

On the other hand, in samples A, B1, B2, and D, the level of stuffing, if any, is less

than ± 1 % which could not be any better resolved. However, from the trends in the

variation of lattice parameter, and judging from the physical properties presented in the

subsequent section, sample A and B1 appear to be closest to the ideal stoichiometry;

and sample D appears to be slightly negatively stuffed. The most striking thing to note

is that the initial or the starting composition (i.e., Eu/Ir in the starting mixture) is not

as important in deciding the final stoichiometry as the details of the synthesis protocol.

This statement is further testified by the physical properties that are nearly the same for

samples prepared in a given batch, despite differences in their starting compositions.

3.3 Effect of stuffing on the physical properties
Now we turn to discuss the effect of stuffing on the physical properties of different EIO

samples. We discussed earlier the existing discrepancy related to its physical properties

of EIO in the literature. Ishikawa et al. [61] did study the physical properties of off-

stoichiometric single crystalline samples of EIO. However, the lack of quantification

of various structural parameters in their work failed to elucidate the relation between

stuffing and the physical properties. Our work is a pioneering study in understanding

the structure-property correlation in pyrochlore iridates.

3.3.1 Specific Heat

Specific heat of samples A, B1, B2, C1, and C2, over a narrow temperature range near

the magnetic transition is plotted as Cp/T Vs. T2 in Fig. 3.5(a - e). Being very close

in compositions, Cp/T of these samples nearly overlap, therefore, specific heat over the

full temperature range is shown only for sample B2 as a representative case in panel f.

In panels a to e, two vertical dashed lines are shown: the one at a higher temperature
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(near 15000 K2) marks the onset of AFM ordering (TN ). The second line at a lower

temperature that passes through the maximum in Cp/T is used to characterize the width

of the magnetic transition. In each sample, Cp/T near the maximum is close to 1.1 ±
0.1 J mol−1 K−2. This value is in good agreement with previous reports [4, 60]. The

value of TN (122 ± 1 K) is nearly the same for all the samples, except A for which it

is slightly enhanced to 124 ± 1 K. The transition width increases with stuffing due to

an increase in the structural disorder. For example, in samples C1 and C2, the transition

has been considerably smeared out.

The low-temperature specific heat for all the samples are shown in panel g between

T = 2 K and 5.5 K. At low-temperatures, only the long-wavelength acoustic phonons are

excited and their contribution to specific heat varies as T3 for T� the Debye tempera-

ture (θD). Fitting Cp at low-temperatures to an expression of the form Cp = γT + βT 3

can, therefore, yield information concerning the electronic correlations. Since the AFM

spin-wave contribution to Cp in spin systems with a gapless spin-wave excitation spec-

trum also varies as T3 (see Ref. 72), it should not affect the determination of γ. In a

spin system with a finite gap in the spin excitation spectrum, the specific heat at low

temperatures is expected to decrease exponentially to zero, which is evidently not the

case here, suggesting that the excitations are indeed gapless. Cp/T data for each sample

is satisfactorily fitted using the equation: Cp/T = γ + βT 2. As expected, β does not

vary much between these samples giving a value of nearly 0.77 ± 0.01 mJ mol−1 K−4.

γ, however, vary from ∼10 mJ mol−1 K−2 for B1 to ∼15 mJ mol−1 K−2 for C1 and C2.

The average value is in good agreement with 13 mJ mol−1 K−2 reported previously [73].

Measurements on B1 were repeated at a later time to confirm that γ for this sample is

indeed the lowest. Assuming that only Ir’s 5d electrons contribute to the linear term in

Cp, the value of γ per Ir-mol (∼6.5 mJ Ir-mol−1 K−2) is almost an order of magnitude

higher than γ of Cu [74] indicating moderately strong electronic correlations as pre-

dicted theoretically [51]. The important point to note is that γ has a substantial sample

dependence -it tends to increase upon Eu-stuffing. This increase is not necessarily a

consequence of further enhancement of the electronic correlations due to stuffing; we

believe that it might simply be an effect of the carrier doping as considered by Ishikawa

et al. who reported γ values as high as 26 mJ mol−1K−2 for their negatively stuffed,

most conducting EIO sample [61].
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Figure 3.5: (a) to (e) Temperature (T) variation of specific heat (CP ) plotted as Cp/T Vs. T2

for samples: A0, B1, B2, C2 & C1 shown over a narrow temperature range around the AFM/MI
transition. The vertical dashed lines are guide to eye to show the onset of transition and transition
width; (f) Cp/T Vs. T2 shown over the whole measurement temperature range for sample B2.
(g) Cp/T Vs. T2 for all the samples at low-temperatures. The dashed lines are straight-line fits
to the data (see text for details)
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3.3.2 Magnetic susceptibility

Temperature variation of magnetic susceptibility (χ = M/H) of samples A to D, mea-

sured under a static magnetic field of 1 kOe, is shown in Fig. 3.6(a-f). As a represen-

tative case, χ(T ) of sample A is shown over the whole temperature range in panel g.

When cooled below room temperature, χ(T ) of all the samples increases almost lin-

early down to TN ≈ 124 K, where the Ir moments undergo long-range AFM ordering,

which is shown to be of all-in/all-out (AIAO) type, wherein all four Ir-moments on a

given tetrahedron either point-in towards the center (AI) of the tetrahedron or point-out

directly away from the center (AO) [47, 75]. The data below TN shows large ZFC-FC

bifurcation. This bifurcation is believed to be due to a combination of several factors,

including the presence of 180◦ domain walls, anti-site disorder, Ir-vacancies and/or the

occurrence of Ir5+(see Ref. 76 for details). The value of magnetic transition tempera-

ture in our samples is in good agreement with similar values previously reported [4,61].

Contribution of Ir moments to χ(T ) can be estimated by subtracting the van Vleck term

(χV V ) due to Eu3+. The calculated χV V (taking the value of SO interaction λ from Ref.

77) is shown in Fig.3.6. Below room temperature χV V increases with almost the same

slope as χ(T), and below a temperature close to TN it tends to saturate. Thus, , above

TN , χ(T) owes its temperature dependence almost entirely to χV V . In other words, the

contribution of Ir moments to χ(T ) appears to be almost temperature-independent above

TN . This behavior suggests that the Ir 5d electrons are itinerant and undergo a partial

localization when cooled below TN , which qualitatively agrees with the experimental

fact that resistivity (next section) also increases sharply below this temperature.

We now examine how the transition temperature in χ is affected due to stuffing in

our samples. In A, B1, and B2, the ordering is marked by the presence of a cusp in

χ(T ) below which the ZFC and FC bifurcate out. In C1, C2, and D no cusp is seen, the

transition has rather smeared out, in agreement with the specific heat. For sample A, TN
(position of the cusp) appears to be slightly higher compared to the other samples.

In short, specific heat and susceptibility data reveal the following information: (i)

no significant change in the value of TN , (ii) broadening of the transition width upon

stuffing (or increasing disorder), (iii) the shape of anomaly associated with AFM order-

ing in both Cp and χ are nearly identical for samples prepared in a given batch, and (iv)

a closer look at the magnitude of χ at any fixed temperature (say, at T = 80 K) reveals
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Figure 3.6: (a-f) Zero-Field-Cooled (ZFC) and Field-cooled (FC) susceptibility of all the
Eu2Ir2O7 samples is shown as a function of temperature in a small temperature range around the
magnetic ordering temperature; (g) The ZFC and FC susceptibilities over the whole temperature
range are shown for sample A as representative. χV V is Van Vleck susceptibility of Eu3+ ion
(see text for details).
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that the value of χ scales approximately with the ratio Eu : Ir in our samples. For exam-

ple, χ of sample D: ∼0.00184 emu mol−1Oe−1 < A & B1: ∼0.0192 emu mol−1Oe−1

< B2: 0.0198 emu mol−1Oe−1 < C1 & C2: ∼0.0212 emu mol−1Oe−1. This scaling

is expected since the concentration of Eu3+ determines χV V which has a significant

contribution to the total measured χ as depicted in Fig. 3.6 (lowest panel).

3.3.3 Electric transport

In Fig. 3.7a, normalized resistivity (ρN = ρ(T )/ρ(300K)) is shown as a function of

temperature for all the EIO samples, where ρ(300K) is the value of resistivity at T =

300 K. ρN in each case exhibits a sharp increase upon cooling below TMI ≈ 125 K. The

MI transition temperature is estimated from the derivative plots by linearly extrapolating

dρ/dT data above and below the MI transition. The temperature where these lines

intersect is taken as TMI. Using this criteria, TMI for samples A, B1, and B2 is nearly

127 K, for samples C1 and C2 it is close to 122 K, and for sample D it is around

120 K. The average value of TMI is 124 K, which shows a good agreement with the

previous reports [45, 63], and with the values of TN obtained from Cp(T) and χ(T) data

presented in the preceding section. However, the temperature TMI suppresses in the

stuffed samples while TN remains nearly constant, which suggests that in a sample with

even higher Eu-Ir off-stoichiometry, these temperatures may further separate out, as in

the case of Nd2Ir2O7, where such a separation has been previously reported [78].

We now focus on the differences in ρ(T ) behavior of various EIO samples arising

due to off-stoichiometry. An important difference concerns the sign of ρ′ = dρ/dT

above TMI. For samples A, B1, and B2, dρ/dT changes sign from negative to positive

upon cooling below a certain temperature T∗ that lies above TMI as shown in the inset

of Fig. 3.7b. T∗ is ∼ 170 ± 20 K for A and close to 230 ± 10 K for B1 and B2;

and for sample D the slope is positive but it is about to become zero as the temperature

approaches 300 K, indicating that even for this sample a sign change is expected at

higher temperatures above 300 K. On the other hand, for samples C1 and C2, the sign

of dρ/dT remains negative at all temperatures above TMI.

Briefly, two different dρ/dT behaviors above TMI are observed: samples with larger

lattice parameter and higher Eu-stuffing (C1 and C2) exhibit a negative dρ/dT for all

temperatures above TMI ; samples with smaller lattice parameter and Eu/Ir ratio close

to 1 (A, B1, B2, and D) exhibit a change of sign of dρ/dT above TMI . This behavior is
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Figure 3.7: (a) ρ(T )/ρ(300K) plotted as a function of temperature (T) for various Eu2Ir2O7

samples (A, B1, B2, C2, C1 & D); (b) first derivative ρ′ = dρ/dT of the resistivity plots as
a function of temperature around the metal-insulator transition. In the inset ρ′ is shown for
samples B2 and D over a wider temperature range to demonstrate the change of sign of dρ/dT .
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analogous to that under external pressure investigated by Tafti et al. [63]. They show that

as the applied pressure increases the sign of dρ/dT changes from negative to positive,

with an intermediate range of pressures where dρ/dT changes sign at some temperature

T∗ > TMI. This analogy is not surprising since the lattice parameter itself varies with

pressure. Thus, in both the studies the lattice parameter variation drives the change of

sign of dρ/dT.

While the sign of dρ/dT in our samples and under applied pressure is in complete

agreement, the magnitude of ρ differs in the two cases. In the pressure study, not only the

sign of dρ/dT changed continuously from negative to positive with increasing pressure,

the magnitude of ρ also decreased simultaneously. In the present study, on the other

hand, ρ of sample C1 (decompressed analog of pressure study) having a negative dρ/dT

is 100 mΩ cm at 2 K which is smaller than the corresponding value for sample A1

(∼7000 mΩ cm) which has a smaller lattice parameter compared to C1. Sample D,

on the other hand, exhibits both a smaller lattice parameter and a smaller resistivity,

comparable to that of C1. This, rather uncorrelated variation of ρ in our samples may

arise from the fact that the magnitude of resistivity in a sintered pellet, unlike a single

crystal specimen under pressure, depends on several factors including, the presence or

absence of specific impurity phases that tend to accumulate along the grain boundaries

and affect the electrical conduction, carrier doping due to stuffing, the microstructure of

the pellets and the oxygen vacancies, if any.

Due to similar conditions used in the preparation of final sintered pellets employed

for physical properties measurements in each case, we do not expect either the mi-

crostructure or the oxygen vacancies to vary very significantly in our samples. On the

other hand, the level of Eu-stuffing, which differs in our samples, and the presence of

metallic impurities may have affected the magnitude of ρ. To understand how stuffing

leads to carrier doping we need to consider the charge difference between Eu3+ and Ir4+.

If a sample is synthesized under an inert atmosphere, i.e., if in the surrounding medium

there is no oxygen for the sample to absorb then the final product will form with oxygen

vacancies. It will, therefore, have a chemical formula of the form: Eu2+sIr2−sO7−s/2,

obtained using the charge-neutrality condition. However, when synthesized in air or

under an oxygen flow, due to oxygen absorption during the synthesis, the sample is ex-

pected to form with fewer oxygen vacancies than before, and its chemical formula will
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Figure 3.8: Thermoelectric power (S) plotted as a function of temperature for various Eu2Ir2O7

samples: B1, B2 & C1. The dotted lines are a guide to the eye.

be: Eu2+sIr2−sO7+δ−s/2, where δ is a non-negative quantity that corresponds to the hole

doping in the sample. In the stuffed samples, therefore, the magnitude of ρ can decrease

considerably due to these additional charge carriers.

With this insight, we now compare the resistivity of sample B1 to that of C1. We

notice a significant decrease in ρ, approximately 7000 mΩ cm (B1) to ∼100 mΩ cm

(C1), which we believe is mainly because of the carrier doping in C1 as a consequence

of stuffing. On the other hand, a comparison of samples prepared in the same batch

revealed a much smaller difference (for example, ∼100 mΩcm at 2 K for C1 and ∼750

mΩcm at the same temperature for C2), which is probably due to the presence of con-

ducting IrO2 as a parasitic phase in sample C1, and also a slightly higher Eu stuffing

level for this sample. The resistivity of sample D is considerably reduced compared to

that of B1 or B2, even though they have only minor differences in their lattice parame-

ter. This could be due to the presence of Ir-metal as a parasitic phase in sample D, and

probably the electron doping due to slight negative stuffing is also contributing to it.

3.3.4 Thermopower

To quantify the charge doping in these samples, which is indicated from the change

in the magnitude of the resistivity, we tried Hall measurements. However, attempts to
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measure the carrier concentration directly using the Hall effect by applying fields up to

± 3 Tesla on the sintered pellets turned out to be unsuccessful. In our Hall measure-

ments, which we did in the five-probe geometry using both positive and negative fields

to eliminate the longitudinal voltage drop, we found irreproducible hysteretic behavior.

To mitigate this difficulty to some extent, we carried out thermopower measurements

on some of our samples. Thermopower, denoted by S, is a complex physical quantity

due to its dependence on various factors [79], including the electronic diffusion under

temperature gradient which produces a thermopower proportional to T, and the electron-

phonon interaction resulting in the phonon drag contribution. Thermopower of our sam-

ples A, B2, and C1 are shown as a function of temperature in Fig.3.8. Upon cooling, S

decreases monotonically down to T ≈ 120 K, which is the expected behavior for metals

at high temperatures. Below 120 K, however, it increases rather sharply. This change of

behavior near 120 K is most likely related to the metal-insulator transition. Upon further

lowering the temperature, S exhibits a peak around Tpeak = 50 K. This peak is likely a

manifestation of phonon-drag which increases S as T3 at low-temperatures and decays

as 1/T at higher temperatures, resulting in a broad peak in the intermediate temperature

range [79]. Tpeak appears to have a slight sample dependence. The sign of S remains

positive over the entire temperature range, which indicates that the majority of carriers

in EIO are holes. The overall S(T) behavior of our samples is in a fairly good agreement

with the previous reports [4, 45]. A comparison of the thermopower of several EIO

samples, including those from the present study, show that the qualitative features in

the temperature variation of thermopower are more or less sample independent, but the

magnitude of thermopower scales directly with sample’s resistivity. For example, B1

which is the most resistive sample in our study exhibits the highest thermopower, and

C1 which has the smallest resistivity also has the smallest thermopower. A review of the

previous literature revealed a similar trend in the thermopower of EIO samples investi-

gated by various groups. Bouchard et al. [42], for example, reported a thermopower of

approximately 10µV/K at 300 K for their air-synthesized sample (ρ (300 K) ≈ 20 mΩ

cm). The corresponding value for a vacuum synthesized sample, reported by Matsuhira

et al. [4] is about 40 µV/K (ρ (300 K) ≈ 100 mΩ cm) [4]. As a passing remark, we

note the presence of a small curvature in the thermopowers of samples B1 and B2 in

the temperature range of 120 K < T < 300 K; this may be related to the sign change of
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dρ/dT for these samples. In C1 no such curvature is seen.

To summarize, thermopower, which varies as the inverse of the carrier concentration

in a simple one-band model [79], also supports the conclusion that stuffing leads to

hole doping which simultaneously decreases the thermopower and the resistivity, and

increases the coefficient of the linear term in the specific heat.

3.4 Discussion on the sign of dρ/dT
The structural refinements carried out on very high-resolution synchrotron x-ray diffrac-

tion data collected for all the EIO samples synthesized in this work led to a precise de-

termination of the lattice parameter, and an estimate of the Eu : Ir stoichiometry of the

main pyrochlore phase (Table 3.1). As depicted in Fig. 3.1, where the position of 622

Bragg peak is shown as a reference, the lattice parameter of our samples varies in the

following order: aC1 > aC2 > aB2 > aB1 > aA > aD. This variation can be under-

stood on the basis of Eu3+-stuffing at the Ir-site or vice-versa as has been extensively

cited for stuffed titanate pyrochlores [58, 70].

All the EIO samples investigated here showed a weakly temperature-dependent re-

sistivity in the metallic state above TMI, which is the hallmark of EIO amongst the entire

iridate pyrochlore series. However, the sign of dρ/dT in the metallic state showed a

systematic sample dependence. It changed from negative for samples C1 & C2 having

a relatively larger lattice parameter to positive for sample D having the smallest lattice

parameter. For samples A, B1 & B2, dρ/dT changed its sign at an intermediate temper-

ature T∗, such that, between TMI and T∗, dρ/dT remains positive as it should be for a

metal; and for T > T∗, it becomes negative. Even for sample D, dρ/dT approaches zero

as T goes to 300 K, indicating that even for this sample a change of sign is expected

at higher temperatures. It should be noted that while the sign of dρ/dT is dependent on

the lattice parameter, the temperature TMI does not, which remains nearly unchanged

for our samples. The maximum overall change in TMI across our samples remained less

than 5 %.

Interestingly, the behavior of dρ/dT with lattice parameters or equivalently with the

chemical pressure induced by stuffing mimics exactly the behavior under externally

applied pressure investigated by Tafti et al. [63]. In the pressure study, Tafti et al. used

an EIO sample having a negative dρ/dT in the ‘metallic’ regime analogous to samples
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C1 or C2 in our study. They showed that dρ/dT remained negative under pressures up

to about 4.5 GPa, and the sign changed to positive when the pressure exceeded 7 GPa or

so. In the intermediate range of pressures, dρ/dT changed it sign at a temperature T∗ >

TMI in an exact analogy with our results. In the pressure experiments also, while dρ/dT

changed continuously with increasing pressure, TMI shifted only marginally. Tafti et al.

called the ‘metallic’ regime above TMI with negative dρ/dT as an “incoherent” metal as

opposed to the conventional metallic behavior where the sign of dρ/dT is expected to

remain positive.

Our preliminary x-ray diffraction study under high-pressure (Appendix B) at 300

K on sample A at ELETTRA shows that indeed a lattice contraction comparable to

the difference between the lattice parameters of samples C1 and D can easily be pro-

duced under moderate pressures (∼0.01 Å, from 4 to 7 GPa-the range over which dρ/dT

changes its sign from negative to positive in the pressure study [63]). From this ob-

servation, it can be concluded that the change in lattice parameter due to a minor, and

often inadvertent, stuffing resulting from a loss of IrO2 during sintering, can indeed be

comparable to that under moderate pressure.

Since increasing the level of Eu-stuffing enhances the structural disorder, one may

argue that the incoherent behavior is likely a consequence of the increased disorder

which results in a weak-localization of the charge carriers. However, we note that in

the pyrochlore structure, the increase in applied pressure has a tendency to enhance the

antisite disorder (see for example, Ref. 80 and references therein). Thus, if disorder-

induced weak-localization is indeed leading to the incoherent behavior then we expect

dρ/dT to remain negative under pressure, which is contrary to the experimental obser-

vation where the increase in pressure enhances the metallic behavior. It should also be

pointed out that in the KF-flux grown Ir-rich EIO single crystals [61], dρ/dT remains

negative up to the highest level of Ir stuffing. Since these samples are structurally dis-

ordered due to Ir stuffing, their metal-like resistivity suggests that disorder cannot be

the primary reason for the incoherent-metal behavior. In a recent theoretical study, it

has been argued that the effect of small disorder in 3D semimetals with intermediate to

strong interaction can in general be disregarded due to effective screening of the disor-

der that raises the critical disorder strength for a disorder-driven diffusive transition to a

higher threshold [81]. Thus, we have very little or no reason to believe that the sign of
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dρ/dT is controlled by the level of disorder in the sample.

We now discuss the structural changes taking place upon changing the lattice param-

eter to understand the anomalous sign of dρ/dT in the metallic regime. It has been high-

lighted in several previous studies (see for example, Refs. 82 & 83) that the Ir−O−Ir

bond angle is an important parameter that controls the t2g bandwidth, and the strength

of the magnetic superexchange interaction between the Ir-moments. Previous pressure

studies on some other pyrochlores suggest that u changes only marginally in the pres-

ence of moderate pressures [62, 84, 85]. Since the Ir−O−Ir bond angle depends on

u, it is also expected to remain almost invariant under pressure. Furthermore, since

TN /TMI in our samples has not changed significantly, we believe that the changes in the

Ir−O−Ir bond angle due to stuffing is not expected to be very significant. This suggests

that either dρ/dT in EIO is extremely sensitive to the Ir−O−Ir bond angle, or, perhaps,

the direct Ir−Ir hopping, which is expected to be significant due to the extended na-

ture of Iridium’s 5d orbitals, also plays a role here. Unlike the Ir−O−Ir bond angle,

the dependence of direct hopping on the lattice parameter is straightforward: as the lat-

tice contracts the Ir−Ir distance decreases, increasing the direct overlap between the 5d

orbitals.

The role of direct hopping in the presence of indirect Ir−O−Ir hopping was consid-

ered in the theoretical study by Witczak-Krempa et al. [51]. In Fig. 2 of their paper,

it is shown that for a fixed Hubbard U, and for a given value of the transfer integral

tIr-O-Ir corresponding to the Ir−O−Ir hopping, various phases, including metal, topolog-

ical semimetal (TSM), topological insulator(TI), and topologically trivial insulators can

be stabilized by tuning the Ir−Ir distance in the proximity of the metal-TSM-insulator

phase boundary. In particular, the TSM phase is shown to appear only over a very nar-

row range of values of tIr-Ir, i.e., the transfer integral corresponding to the Ir-Ir hopping.

Thus, with a small variation of Ir−Ir distance either a metallic or an insulating phase can

be stabilized. On the other hand, away from the metal-TSM-insulator phase boundary,

direct hopping becomes less relevant, which is probably the reason why in Nd2Ir2O7

(NIO), which is located somewhat away from this boundary, the sign of dρ/dT remains

unchanged (positive) under pressure [86].

EIO, on the other hand, is located in a close proximity of the metal-TSM-insulator

phase boundary and, therefore, even minor changes in the lattice parameter, either due
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to applied pressure or due to stuffing, is expected to have a significant effect on the

electrical transport behavior, probably not as much due to the Ir−O−Ir bond angle as

to the Ir−Ir bond distance. If this is indeed is true then for the physical realization

of WSM phase in EIO, which purportedly harbors the Weyl fermions, it is critical to

optimize the Eu : Ir ratio to get the optimal Ir−Ir distance and carrier density. This might

be the reason why till date there are only few, only one to the best of our knowledge,

experimental evidence of the Weyl semimetallic ground state in EIO.

3.5 Summary

Briefly, the work on stuffing aimed at understanding the sample dependence of electrical

behavior of the pyrochlore EIO which, along with the neighboring members of this fam-

ily, has been predicted to show interesting topological phases. In the past literature, two

types of resistivity behavior were reported for EIO, one where dρ/dT remains negative

above TMI (type I), and second where it remains positive (type II). Alongside, a pressure

study on an EIO sample of type I (dρ/dT < 0) revealed: (i) dρ/dT < 0 for pressures up

to 4.6 GPa, (ii) dρ/dT changing sign at a temperature T∗ (> TMI) for pressures in the

range 4.6 to 7 GPa, and (iii) dρ/dT > 0 for pressures exceeding 7 GPa [63].

In this study, we prepared six different EIO samples with slightly varying composi-

tions to reproduce all the three dρ/dT behaviors ((i), (ii) and (iii)) listed above at ambient

pressure. In order to establish a correspondence between the dρ/dT behaviors in our var-

ious EIO samples with that under pressure in ref. 63, we did high-resolution synchrotron

powder x-ray diffraction at the MCX beamline in ELETTRA on all the samples. These

experiments successfully revealed minor variations in the unit cell volume of our sam-

ples which established that it is the chemical pressure that imitates the external pressure.

The Rietveld refinement of the x-ray data further revealed that the observed variation in

the unit cell volume is due to Eu-stuffing at the Ir-site. This not only allowed shedding

light on the peculiar dρ/dT behavior under pressure but it also resolved the enigmatic

sample dependence of dρ/dT in the previous reports. Eu-stuffing in EIO results from

loss of volatile IrO2 from the reaction mixture during high-temperature sintering. The

experimental results obtained on the various EIO samples suggest that the properties of

EIO are not as sensitive to a small variation in the starting composition as they are to the

synthesis protocol. This sensitivity is a consequence of the loss of volatile IrO2 during
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the sintering as the temperature exceeds 1050 ◦C or so. Our results indicate an extreme

sensitivity of EIO to pressure: applied, or chemical due to slight Eu-stuffing. We believe

this extreme sensitivity is due to the close proximity of EIO to the metal-insulator phase

boundary, which makes the Ir-Ir hopping an important parameter in deciding the ground

state of EIO. In the future, it will be useful to investigate stuffing in other pyrochlore

iridates (e.g., Sm2Ir2O7) that also lie close to the metal-insulator phase boundary.



Chapter 4
Effect of Bi substitution on Eu2Ir2O7

In the previous chapter, we discussed the effect of antisite defect on the physical prop-

erties of pyrochlore iridate Eu2Ir2O7 (EIO). In this chapter, we will present the result

of the isovalent substitution of Bi3+ at the Eu3+ in EIO. In the following sections, we

present the motivation for the choice of Bi substitution in EIO and further report the

effect of Bi substitutions on the structure and physical properties.

4.1 Ground state of Eu2Ir2O7 and Bi2Ir2O7

The ground state of A2Ir2O7 is sensitive to the choice of A-cation, varying from insu-

lating for A = Gd-Lu and Y to metallic for A =Pr and Bi [4, 44]. The intermediate

members A =Nd, Sm and Eu, on the other hand, show a distinct metal-to-insulator

(MI) transition concurrent with the onset of all-in/all-out (AIAO) magnetic ordering

[47, 48, 75, 87]. Wan et al. used LSDA + U + λ (where LSDA stands for local-spin-

density-approximation) to predict the existence of several novel correlated topological

phases for these pyrochlores [26]. Subsequently, several other theoretical studies sub-

stantiated these predictions [2, 52, 88–91]. It is now believed that the parent phase from

which these phases emerge is characterized by the presence of a quadratic band touching

(QBT) point at the center Γ of the Brillouin zone [52]. The Weyl semimetallic (WSM)

phase, which was predicted by Wan et al., appears when the Kramer’s degeneracy as-

sociated with QBT point is lifted due to the breaking of the time-reversal symmetry

(TRS) in the AIAO state. This results in pairs of non-degenerate, linearly dispersing

modes associated with the Weyl nodes of opposite chirality located on the Fermi energy

81
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(εF ). Though the presence of QBT has been confirmed experimentally for Pr2Ir2O7

(PIO) [92], a clear signature of the WSM phase, which appears only over a narrow

window in the pyrochlore iridates, has remained elusive till date.

A promising avenue to search for the WSM phase and other correlated topological

phases in these pyrochlores is by tuning U or λ close to the MI boundary. In this regard,

EIO is a promising candidate as it features not only a non-magnetic A-site, but it is

located at the MI phase boundary. In EIO, the pressure experiments by Tafti et al. have

revealed close proximity to the WSM phase [63]. Similarly, the optical conductivity of

EIO has been shown to exhibit a close correspondence with the theoretically calculated

response in the WSM phase [93]. Here, we tune the ground state of EIO by doping with

Bi at the Eu site.

EIO, as mentioned earlier, shows a metal to insulator transition concomitant with

magnetic ordering at 120 K and has a unit cell length of 10.29 Å. Bi2Ir2O7 (BIO) is

a metallic member of the pyrochlore iridate series and has a unit cell length of 10.32

Å, much larger than EIO. It does not show any magnetic ordering down to 2 K but is

reported to undergo two magnetic transitions at 1.8 K and 230 mK respectively [50].

It has an unusual T3/2 dependence of resistivity against temperature from 300 K to 2

K. Thin films of this composition are also reported to show linear magnetoresistance.

Bi3+(1.17Å) has bigger ionic radius than both Pr3+(1.12Å) and Nd3+(1.09Å). How-

ever, the lattice parameters of BIO (10.32Å) are smaller than both PIO and Nd2Ir2O7

(NIO) which indicates that Bi 6s/6p hybridizes with Ir5d orbitals to create shorter bonds.

Hence Bi substitution is expected to have a unique effect in addition to tuning the A-site

radius.

In past, divalent cation doping in EIO has been tried; however, the issue with divalent

doping is that it creates a charge disproportionation (Ir4+ - Ir5+) over the Ir sublattice,

which is detrimental to the AIAO state [94, 95]. On the other hand, Bi doping not only

preserves the non-magnetic nature of the A−site, but it also dopes charge carriers due

to hybridization between Bi (6s/6p) and Ir (5d) states [96].

4.2 Synthesis and structural characterization
All the samples in the series Eu2−2xBi2xIr2O7 (x = 0, 0.02, 0.025, 0.035, 0.05, 0.1,

0.25, 0.50, 0.75, and 1) were synthesized in air via solid-state route using the precur-
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sors Eu2O3 (Sigma Aldrich, 99.9 %), Bi2O3 (Sigma Aldrich, 99.9 %) and IrO2 (Sigma

Aldrich, 99.9 %). The precursors were thoroughly ground together in an agate mortar

and pestle. Subsequently, the mixtures were cold-pressed in a 13 mm stainless steel

die under a pressure of 1500 Kg cm−2. The pellets were fired in air at an initial tem-

perature of 800◦C. Following this the sintering temperatures were increased gradually

in steps of 10 - 20◦C up to 1030◦C. Since Iridium exhibits high vapor pressure above

1000◦C, it is necessary to increase the sintering temperature in small steps. Grounding

and pelletization were done before each sintering. The synthesis process in each case

was called to an end only after the powder X-ray diffraction indicated the formation

of the pyrochlore phase with minor or no traces of diffraction peaks due to the precur-

sor materials. The phase formation during the sintering process was monitored using a

Bruker D8 Advance powder X-ray diffractometer. It was observed compositions with

high Bi concentration required lower sintering temperatures to obtain single-phase. For

example, Bi2Ir2O7 could be obtained as single-phase around 900◦C with a total sin-

tering duration of around 140 hrs, whereas compositions in the range x60.25 required

repeated sintering at higher temperatures. The undoped composition required total sin-

tering of 374 hrs; in order to curb the losses of IrO2 at higher temperatures, only 10%

of the total synthesis time was used for sintering at temperatures higher than 1000◦C.

Compositions with Bi substitution up to x 6 0.25 required similar or marginally less

number of sintering cycles to reach single-phase. The ease in the formation of the py-

rochlore phase with increasing Bi substitution could be attributed to high diffusivity of

Bi2O3, which has a melting temperature of 817◦C. For comparison, we also prepared

and studied homologous (Eu1−xBix)2Sn2O7 (0 ≤ x ≤ 0.1) samples in manner similar

to the Yb-stannates mentioned in previous chapter.

The phase formation of all the samples was monitored through the synthesis process

using Bruker D8 diffractometer. After all the compounds were formed, high-resolution

x-ray diffraction experiments were carried out on all the samples at MCX Elettra, Italy.

The powder x-ray diffraction of the entire (Eu1−xBix)2Ir2O7 series could be indexed

based on the pyrochlore structure. In particular, we observe no change of symmetry

or phase separation for any of the intermediate members in our high-resolution syn-

chrotron data. With Bi substitution, we expect the lattice parameters to increase gradu-

ally as the lattice parameters of BIO are significantly greater than that of EIO. However,
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Figure 4.1: (a) X-ray diffractograms collected at MCX beamline, Elettra-Synchrotron, Italy
showing the formation of pyrochlore phase for the entire series (Eu1−xBix)2Ir2O7. Panel (b)
and (c) show shift in peak 400 and 440 across the series.

we made an unexpected discovery, where we observed that despite the larger size, ini-

tial Bi-doping in EIO resulted in an anomalous lattice contraction. Panel (a) of Fig 4.1

shows the high resolution X-ray diffractograms collected at MCX beamline for the se-

ries (Eu1−xBix)2Ir2O7. Across the (Eu1−xBix)2Ir2O7 series, the XRD lines clearly shift

to higher angles for x<0.05 indicating lattice contraction and this can be seen in panel

(b) and (c) which tracks the peak position of 400 and 440 peaks. Above x>0.05, XRD

lines shift to a lower angle marking the expansion of the lattice. An analogous stannates

series (Eu1−xBix)2Sn2O7 was synthesized to see if Bi creates similar lattice contrac-

tion even in pyrochlore stannates. However, we observed a regular behavior of lattice

parameters for compositions between Eu2Sn2O7 and Bi2Sn2O7.

An important point to mention here is that Bi2Sn2O7 does not crystallize with py-

rochlore structure but in tetragonal structure. It undergoes a structural transition to py-

rochlore structure at ∼ 600◦C. But in the case of (Eu1−xBix)2Sn2O7 series, pyrochlore

structure is found to be stable up to 75% of Bi substitution at the Eu site. In Fig. 4.2,
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Figure 4.2: x dependence of the parameter δ. The inset shows the variation of a(x) in the range
0 ≤ x ≤ 0.1 for (Eu1−xBix)2Ir2O7 (Ir) and (Eu1−xBix)2Sn2O7 (Sn).

we show the variation of lattice parameter a and the deviation δ, which is defined as

δ(x) = (a− a0)/(a1 − a0); where a0 and a1 are the lattice parameters of EIO and BIO,

respectively. In the range x ≤ 0.035, a exhibits an anomalous contraction with δ as large

as −21%. On the contrary, in the homologous stannate series, doping with Bi leads to

a regular lattice expansion as expected from the Vegard’s law (see Fig. 4.2 insets). Our

results suggest a violation of the Vegard’s law in the iridates series.

Very weak diffraction peaks due to unreacted precursors, Eu2O3 (indicated by e)

for x = 0, 0.02 and IrO2 in case of x = 0.25 were observed, in which case, a mixed-

phase refinement was carried out. The total amount of the impurity phase was found

to be around 1%. The data were fitted using the Thompson-cox-Hastings pseudo-Voigt

line profile function to account for the slight peak asymmetry. The asymmetry was

highest for x = 0 and decreased upon Bi substitution. The peaks were symmetric for

x = 0.1 and higher doping concentrations. The asymmetric nature of the peak and the

peak broadening was found to have intrinsic origin and did not depend on the impurity

concentration. This is well established from the several EIO samples studied in Ch.

3, where all the compositions exhibited comparable asymmetry and peak broadening
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irrespective of the impurity concentration. Absorption correction was also taken into

account, which is important for the samples with heavier elements [64]. The cation

occupancies were refined which gave an estimate of Bi in the system. The refinement

of the cation occupancies confirmed that Bi is indeed going to the Eu site as an attempt

of refining Bi occupation at the Ir site resulted in negative occupancy. The quality of the

refinement is reflected in the excellent match between calculated and experimental data

in Fig. 4.3 - 4.4. The main results of the Rietveld refinement are collected in Table 1.
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Figure 4.5: Evolution of structural parameters in the series (Eu1−xBix)2Ir2O7.

The lattice contraction was noticeable using the lab-based XRD source as well; how-

ever, to get the high precision value of various structural parameters from structural

refinement, high-resolution synchrotron X-ray diffraction was performed. The various

structural parameters obtained from the Rietveld refinement are plotted in Fig. 4.5. Er-

ror bars for all the parameters are the same as the symbol size. The value of u = 0.337

for x = 0 and u = 0.3289 for x = 1 agrees with the previously reported values [66, 97].

As the lattice undergoes a contraction, u also exhibit a sudden drop in the value to u =

0.329 for x = 0.02 and 0.035. The value of u recovers for x = 0.05 and shows a gradual
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decrease from u = 0.336 to u = 0.338 for 0.05 6 1. In pyrochlore oxides, in general, u is

expected to decrease with increasing lattice parameters. This trend has been established

in pyrochlore ruthenates and stannates but is not thoroughly studied for iridates [69,87].

However, in the present study, with the exception of the anomalous region, we observe

that u decreases as the A-site radius/lattice parameter decreases. The Ir-O-Ir bond an-

gle which is known to show inverse correspondence to u shows a sudden jump in the

anomalous region. The angle records nearly 2◦ change for the anomalous region as well

as between the end members. The sudden increase in the bond angle could be under-

stood by noting the overall compression of the IrO6 octahedra which is reflected by a

decrease in the bond length in the anomalous region. Fig. 4.5 shows that, except for the

anomalous region, the rest of the series observe a gradual change in various parameters.

The anomalous region, on the other hand, exhibits an exactly opposite change from

the rest of the series. In pyrochlore structure, increasing the A-site atomic radius in-

creases the Ir-O-Ir bond angle and the lattice parameter in parallel, whereas, hydrostatic

pressure increases the former but decreases the latter [63]. This shows the remarkable

similarity in the variation of structural parameters on the application of pressure and the

anomalous contraction region in our study. In both cases, we observe a decrease in the

lattice parameter with an increase in the Ir-O-Ir bond angle.

The morphology of all the samples was examined using SEM. Fig. 4.6 shows the

FESEM images for various doping concentrations. A range of grain-size from 10 - 100

nanometer can be seen for EIO (The EIO sample discussed here corresponds to sample

A from chapter 3). Similar is the case for x = 0.02. With increasing Bi concentration, the

grain size gets bigger and more uniform across the sample. For compositions near BIO

i.e., x = 0.75 and x = 1, clear octahedral shaped grains could be observed, similar to that

of single-crystal shown by Millican et. al [66]. The crystalline tendency of the grains

with increasing Bi substitution is aligned with the fact that Bi inclusion accelerates

pyrochlore phase formation. The Eu:Bi ratio was measured using EDX. Pieces of pellets

were polished for EDX measurements. On an average 25 - 30 points were collected for

each sample to calculate the cation ratio. The ratio calculated from EDX agreed well

with the nominal Eu:Bi ratio. The EDX results are summarised in Table 4.2.

Hereafter, we will refer to the negative lattice expansion region 0 ≤ x ≤ 0.035 as

anomalous; the region 0.1 < x ≤ 1 where the lattice expands normally as normal, and
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Figure 4.6: FESEM images of samples in the series Eu2−2xBi2xIr2O7.The grain size increases
with increasing Bi concentration.
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Eu2−2xBi2xIr2O7 Bi:Eu(calculated) Bi:Eu (experimental) Standard deviation Number of data points
x = 0.02 0.02 0.017 0.0075 29
x = 0.035 0.036 0.031 0.0102 28
x = 0.05 0.05 0.057 0.0121 24
x = 0.1 0.11 0.130 0.0092 25
x = 0.25 0.33 0.257 0.0112 19
x = 0.5 1 0.856 0.0056 22
x = 0.75 3 2.965 0.0112 24

Table 4.2: Eu:Bi ratio calculated from EDX measurements

the intermediate region 0.035 < x < 0.1 as the crossover region.

4.3 Effect of Bi substitution on physical properties
After the interesting trend observed in the lattice parameters, the next obvious step was

to study the various physical properties of this series. We performed bulk characteriza-

tion on all the compositions to track the changes in the ground state going from EIO to

BIO. As will be discussed next, we observed that the anomalous lattice contraction is

also reflected in the physical properties.

4.3.1 Magnetic susceptibility and Muon Spin spectroscopy

In the left panel of Fig. 4.7, we show the temperature dependence of χ for 0 ≤ x ≤ 0.1.

The transition to the AIAO state is marked by a cusp in the ZFC data below which

the ZFC and FC branches bifurcate in agreement with previous reports [61, 75]. It has

been thoroughly investigated that this splitting is not a sign of glassy or inhomogeneous

ordering – as is often the case – but it arises in the magnetically ordered state due to

a combination of several minor factors, including, the presence of 180◦ domain walls,

antisite disorder, Ir vacancies, and/or the occurrence of Ir5+ [76]. We note that in the

anomalous doping range, the rate of change of TN is rather slow (∆TN/TN ≤ 0.05) and

the qualitative behavior of χ(T ) remains unchanged suggesting that the ground state of

EIO is preserved at least up to x = 0.035. In the crossover region TN is suppressed

sharply, and for x = 0.1 no magnetic ordering is observed down to T = 2 K. In par-

ticular, a weakly temperature-dependent van-Vleck contribution arises due to the Eu3+

ions [77], and it is indeed suppressed upon decreasing the Eu3+ concentration. The

Van-Vleck susceptibility curve is shown by a dashed line in the left panel of Fig. 4.7.

Van-Vleck susceptibility is calculated by taking λ = 400K. The same phenomenology

is observed for the x = 0.05 sample even though the enhancement of the FC branch over
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the van-Vleck term is much weaker. Finally, we observe only the van-Vleck-like con-

tribution for the x = 0.1 sample, the small upturn for T . 10 K being associated with

diluted magnetic impurities [61]. The subtraction of Van-Vleck susceptibility from the

total susceptibility results in a nearly temperature-independent susceptibility which can-

not be modeled using Curie-Weiss behaviour and is also observed in the literature [44].

The susceptibility of compositions in the paramagnetic region (x ≥ 0.1) is com-

prised of Pauli paramagnetism and Van-Vleck contribution. Susceptibility of the higher

Bi-doped concentration (Fig 4.7: right panel) shows temperature dependence identical

to the Van-Vleck susceptibility. On the other hand, Bi2Ir2O7 shows a temperature-

independent susceptibility down to 20 K below which it rises sharply. Since the intrinsic

susceptibility of this sample is relatively low, this rise could result from small traces of

impurities commonly referred to as the impurity driven Curie tail [61].
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Figure 4.7: (Left panel) The susceptibility (χ) for x ≤ 0.1 is shown as a function of temperature.
Thermomagnetic hysteresis is seen only for x = 0, 0.02, 0.035 and 0.05 sample; the upper (lower)
branch represents FC (ZFC) data. (Right Panel) (χ) for x ≥ 0.25 is shown as a function of
temperature

We measured (Eu1−xBix)2Ir2O7 samples by means of µ+SR (muon spin spectroscopy)

on the GPS (General Purpose Surface-muon) and LTF (Low Temperature Facility) spec-

trometers of the Paul Scherrer Institute, Switzerland, for the selected compositions
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x = 0.02, 0.035, 0.05, 0.1.

In Fig. 4.8 we show the results of µ+SR measurements for compositions 0 < x ≤
0.1 where we plot representative time-depolarization curves for the µ+ spins in condi-

tions of zero external magnetic field. It is evident that the long-lived coherent oscilla-

tions observed at low temperatures for x = 0.02 are highly overdamped for x = 0.05,

which we interpret as the result of a long-range order to short-range order crossover for

the magnetic phase [98]. Accordingly, we fit the experimental data to the conventional

function used for magnetic materials in poly-crystalline form [99]. The fitting results

are shown in Fig. 4.8. From these fits, we estimate the magnetic volume fraction (Vm)

as ∼ 90% for x = 0.02 and ∼ 70% for x = 0.05 at the lowest temperatures. A more

dramatic suppression of the AIAO phase is observed for x = 0.1 where no sizeable

magnetic contribution of electronic origin is observed down to a temperature of 0.02 K.

A marginal increase in the overall relaxation at T = 0.02 K may point towards the onset

of dynamical processes, possibly from extrinsic phases. We define TN as the highest

T value where a transversal relaxation is discernible. The values of TN based on this

criterion agree nicely with those obtained from the ZFC-FC splitting in χ(T ) as shown
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Figure 4.8: Representative zero-field depolarization curves for the µ+ spins in the time domain
for four (Eu1−xBix)2Ir2O7 samples in the limit x ≤ 0.1. We obtain the continuous lines after
fitting the data to Eq. (4.1). The temperature values are rounded to the closest integer.
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in Fig. 4.7 (inset).

AT (t)

A(0)
= [1− Vm(T )] e−

σ2Nt
2

2 +
[
a⊥1 (T )F1(t)e−λ

⊥
1 t (4.1)

+ a⊥2 (T )e−λ
⊥
2 t + a‖(T )e−λ

‖t
]

(4.2)

here, Vm(T ) is the magnetic volume fraction of the sample while a⊥1,2 and a‖(T )

represent the fractions of muons probing static local magnetic fields perpendicular and

parallel to the initial spin polarization, respectively (the subscripts 1 and 2 account for

two different crystallographic implantation sites for µ+). In the ⊥ component, the spin

precession around the local magnetic field is fitted by the function F1(t), which is a

cosine function describing the coherent oscillations in the x = 0 and x = 0.02 samples,

and is set to unity for the x = 0.05 and x = 0.1 samples. The relaxation times λ⊥1,2
and λ‖ account for the distribution of static local magnetic fields and dynamical pro-

cesses, respectively, while σN is the relaxation rate due to the nuclear moments in the

paramagnetic phase.

4.3.2 Electrical transport

The resistivity of our samples is shown in Fig. 4.9. For x = 0, ρ(T ) exhibits a behavior

similar to that previously reported with a MI transition at TMI = 120 K, below which

ρ increases sharply upon cooling. In concurrence with χ and µSR, in the anomalous

range, TMI decreases very slowly and the qualitative behavior of ρ remains unchanged.

One expects a slight broadening of the MI transition due to chemical disorder, but sur-

prisingly this transition is sharpest for the 2% Bi-doped sample. This is analogous to

the effect of external pressure previously reported by Tafti et al. [63] who showed that

pressure up to 6 GPa tends to sharpen the MI transition. This suggests that any broad-

ening of the MI transition due to chemical disorder is masked by the negative chemical

pressure.

We attempted to fit ρ in this doping range to either the Arrhenius or the variable-

range-hopping (VRH) models did not yield satisfactory results. The data ρ(T ) =

ρ0exp(∆/T
α) was modeled with α = 0.25, 0.5, and 1 for variable range hopping, vari-

able range hopping with electron correlations, and nearest-neighbor hopping, respec-
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Figure 4.9: (a) The temperature variation of normalized resistivity ρ/ρ300 for various x. The
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The inset in (b) shows the low-temperature resistivity minimum. The straight line showing a
−lnT increase is a guide to eye.

tively. However, a 1/Tα power-law dependence provides a better description of ρ(T ) as

shown in Fig. 4.9a inset. For x = 0.02, this fits the data satisfactorily up to T = 20 K,

and with α ≈ 1; but for x = 0.035 and 0, not only the fitting range shrinks, the value of

exponent also reduces to α ≈ 0.5. To verify if the α ≈ 1 is indeed true only over the

narrow doping range, we synthesized another composition in the anomalous region with

Bi substitution corresponding to x = 0.025 and measured the resistivity of this compo-

sition. In Fig. 4.10, we show the fitting for all the different models for composition in

the anomalous region, i.e., 0.02 ≤ x ≤ 0.035. It can be seen that α ≈ 1 behavior can

also be seen for x = 0.025, further confirming that this behavior is unique to the narrow
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doping range and is not a measurement or sample artifact.
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Figure 4.10: Power law fit at low-temperatures for x = 0, 0.02 and 0.035.

In the crossover region, ρ changes dramatically with the MI transition turning broad,

centered near T = 70 K, consistent with χ or µSR data. Upon entering the normal

region, a metallic behavior with a prominent T n dependence ensues. Interestingly, for

x = 0.25, the behavior is that of a Fermi-liquid with T 2 dependence almost over the

whole temperature range (Fig. 4.9c); but this changes to T 3/2 for x ≥ 0.5. For BIO,

a T 3/2 dependence is found (Fig. 4.9d) in agreement with a previous report [96]. At

the boundary x = 0.1 where AIAO→ 0, ρ(T ) shows a T -linear variation over a broad

temperature range (Fig. 4.9b). An expanded view of the low-temperature resistivity of
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Table 4.3: Resistivity value at 2 K and 300 K for different values of x in Eu2−2xBi2xIr2O7

Eu2−2xBi2xIr2O7 ρ(mΩ cm) at 2 K ρ(mΩ cm) at 300 K
x = 0 1883 110
x = 0.02 38998 64
x = 0.035 1583 34
x = 0.05 9 14
x = 0.1 7 13.5
x = 0.25 1.8 2.4
x = 0.5 1.75 1.92
x = 0.75 0.82 0.9
x = 1 0.95 1.3

this sample reveals the presence of an upturn with ρ varying as −lnT down to T ≈ 25

K below which it tends to saturate (Fig. 4.9b inset).

The absolute value of resistivity at 300 K and 2 K is given for all the compositions in

Table 4.3. The resistivity at 300 K decreases gradually with increasing Bi substitution.

Ideally, doping should result in increased grain boundary scattering and thus higher re-

sistivity value. But, as ρ at 300 K varies smoothly throughout the series, grain boundary

scattering, though present, can be eliminated as a dominant contribution to the overall

resistivity.

4.3.3 Thermoelectric properties

From the behavior of χ, µSR and ρ, it is evident that the anomalous lattice contraction

preserves the magnetic and insulating ground state which is suppressed as the lattice ex-

pands. To understand this peculiar relationship we investigated the thermopower S(T )

of our samples. The data for samples x = 0, 0.02, 0.035, 0.05, 0.1 and 1 are shown

in Fig. 4.11. As shown in Fig. 4.11, in EIO, S remains positive for all temperatures

indicating that the dominant charge carriers are hole-like. The qualitative behavior and

sign of S are in good agreement with previous reports [4,100]. In the anomalous doping

range, while the qualitative form of S remains unchanged, the entire S(T ) curve shifts

rigidly downward resulting in negative S for intermediate temperatures. For x = 0.05,

S is negative for almost entire temperature range. In BIO, S is not only negative, it

also shows a typical metal-like behavior: |S| increasing upon increase in T. Finally, for
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Figure 4.11: The temperature variation of thermopower S for x = 0, 0.02, 0.035, 0.05, 0.1 and
1

x = 0.1, S is not only negative but it is also qualitatively different, featuring a maximum

near T = 60K (Smax = −30µV K−1), which is the highest S for any x in this series.

From the variation of S with x we infer that the sign of majority charge carrier changes

from hole-like (x ≤ 0.035) to electron-like (x ≥ 0.05) as x increases.

4.3.4 Heat capacity

We also performed heat capacity measurements on all the samples. Closely spaced

data points were recorded in the low-temperature region to extract the electronic coef-

ficient of specific heat. In Fig. 4.12a, Cp/T is plotted against T 2 for 0 ≤ x ≤ 0.25.

In the low-temperature range, Cp/T exhibits a good linearity that can be fitted using

Cp = γT + βT 3 where γ and β represents the electronic and phononic contributions,

respectively. The spin-wave contribution is expected to be small due to the small size of

the ordered Ir moment [48]. Also, this contribution is expected to scales as T 3 and thus

will not affect γ. The variation of γ with x is shown in Fig. 4.12a. For EIO, γ of 15 mJ

mol−1K−2 is in good agreement with the previous report [61] and suggests moderately

strong electronic correlations as predicted theoretically [52]. Upon Bi doping, γ de-
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creases in the anomalous range before increasing again as x enters the crossover range.

For x = 0.1, γ reaches the highest value of ∼ 25 mJ mol−1K−2 before declining again

with further increase in x. As γ is proportional to the density of states, the variation in

the gamma indicates the corresponding variation in the density of states (DOS) at the

Fermi level. From the plot, compositions in the anomalous region have smallest DOS

in the entire series, whereas the DOS is the highest for x = 0.1.
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Figure 4.12: (a) the specific heat is plotted as Cp/T versus T 2 for 0 ≤ x ≤ 0.25. The straight
lines through the data points are linear fits γ + βT 2 (b) the variation of γ is shown as a function
of x for the whole series.

4.4 Discussion
We now discuss the anomalous lattice contraction. It is surprising that despite its larger

size (rBi3+ = 1.17Å) compared to Eu (rEu3+ = 1.066Å), initial Bi-doping leads to a

lattice contraction. Since BIO has a stable pyrochlore structure with Bi in +3 oxidation

state, it is unlikely that Bi-doped in EIO has a valence state different from +3. We

nevertheless confirmed this by performing XPS measurements at DESY synchrotron
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facility which is described in detail in chapter 5. To put this anomalous behavior into

perspective, we should mention here that in the structurally analogous (Y1−xBix)2Ru2O7

[101] or (Eu1−xSrx)2Ir2O7 series [95] no such lattice anomaly has been reported, and

the MI transition is also shown to suppress gradually.

Though unusual, the deviation from Vegard’s law in TMOs is not completely un-

known. For example, La doping in SrTiO3 [102], or in the iridates Sr3Ir2O7 and Sr2IrO4

[103, 103, 104], has been shown to result in an anomalous lattice expansion. This is

believed to be an electronically driven effect arising from carrier doping due to La3+

substitution for Sr2+. It is argued that upon carrier doping, in some cases it may be

energetically favorable for a system to lowers its total energy by shifting the electronic

bands through expansion or contraction of the lattice, which is known as the deforma-

tion potential effect [105]. In our study, we see that the anomalous lattice contraction

is indeed coupled to the electronic properties. However, here a notable exception arises

from the isovalent nature of Eu3+ and Bi3+, which precludes the conventional carrier

doping mechanism. How then are carriers doped when Bi is substituted for Eu? In a

recent study, Qi et al. [96] found that in the Bi-doped pyrochlores, the Ir(5d)–(Bi)6s/6p

hybridization can be significantly enhanced, which makes the 6s/6p electrons of Bi to

contribute to the DOS at εF .

Figure 4.13: Pictorial representation of tuning of the Fermi level with Bi concentration. Fermi
level is closest to the Weyl crossing for x = 0.02 and the ground state is reminiscent of quadratic
band touching for x = 0.1.

This brings us to the point concerning the robust ground state of EIO against Bi

doping. As shown here, during initial Bi doping not only the AIAO/MI transitions re-

main preserved they also become sharper (sharpest for x = 0.02), and low-temperature

ρ approaches a 1/T behavior. We suggest that these are manifestations of the WSM
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phase that has been concretely established in the theoretical works. We conjecture that

εF at x = 0 is located slightly below the Weyl nodes (positive S for x = 0); and, upon

initial Bi-doping, lattice contracts to shift the bands down (deformation potential effect),

which pushes εF up, closer to the Weyl nodes. This is consistent with the decreasing

behavior of γ which is proportional to the DOS at εF . This also explains why ρ(T )

at low-temperatures approaches a 1/T behavior. In the WSM phase, the electron-hole

symmetry about the Weyl node results in current-carrying states with zero total mo-

mentum; the electron-electron interaction, therefore, relaxes the current but with zero

momentum transfer leading to a 1/T dependence [106]. Indeed, as x → 0.02, the

low-temperature ρ(T ) is closest to the expected behavior. At higher Bi doping, εF is

gradually tuned away from the Weyl nodes, which explains the changing sign of S.

However, this picture breaks down as x increases further leading to the suppression of

AIAO state.

We now discuss the sample x = 0.1 or (Eu0.9Bi0.1)2Ir2O7. For this sample, the lack

of magnetic ordering, a large γ value, and a resistivity minimum showing a−lnT depen-

dence at low-T are all reminiscent of Pr2Ir2O7 (PIO), which features a quadratic band

touching point protected by the inversion and time-reversal symmetries [49, 92]. Re-

cently, the resistivity minimum in PIO has gathered a renewed interest [92,107,108]. In

the earlier studies, it was interpreted as arising due to the Kondo effect from Ir(5d) and

localized Pr 4f -moments, but it is now believed to be intrinsic to the Ir subsystem, which

has the characteristics of a 3D interacting Luttinger semimetal [88,107]. From this point

of view, (Eu0.9Bi0.1)2Ir2O7 is interesting as it mitigates the complexity arising due to a

magnetic A-site. Based on these similarities, it can be argued that (Eu0.9Bi0.1)2Ir2O7

is possibly the mother phase featuring a quadratic band touching point analogous to

PIO from which the WSM phase can be derived in the TRS broken regime close to

x = 0; and other exotic but not necessarily topologically non-trivial electronic phases

for x > 0.1. In particular, the region from 0.1 < x < 1 appears to be very fertile as the

ρ(T ) behavior changes from T -linear (x = 0.1)to T 3/2 (x ≥ 0.5) with a Fermi-liquid

like T 2 dependence at x = 0.25. This region should be explored in the future in more

detail.
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4.5 Summary
To summarize, we show that Bi-doping in EIO provides a unique platform, which, un-

like Sr or Ca doping, does not create an Ir4+ – Ir5+ charge disproportionation, and thus

keep the Ir4+–sublattice intact, which is a key to obtaining various non-trivial topolog-

ical phases. We report here three important findings: (i) anomalous lattice contraction

strongly tied to the electronic properties; (ii) robust ground state of EIO against initial

Bi doping, which we attribute the to the topological WSM phase, which can be real-

ized for very small Bi-doping which pushes εF closer the Weyl node without destroying

the linear dispersion; (iii) (Eu0.9Bi0.1)2Ir2O7, located at the boundary from which other

non-trivial topological phases can be derived. Fig 4.13 shows the pictorial depiction of

tuning of the Fermi level with Bi substitution. Our findings are expected to motivate fur-

ther research in exploring new quantum phases in the U−λ phase space of 5d transition

metal oxides.
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Chapter 5
X-ray photoemission studies of
(Eu1−xBix)2Ir2O7

In the previous chapter, we showed that an anomalous lattice contraction occurs upon

dilute Bi substitution at the Eu site in the pyrochlore Eu2Ir2O7 (EIO). We expect the

doped Bi ions to assume a +3 oxidation state since Bi2Ir2O7 (BIO) exists with a sta-

ble pyrochlore structure. However, both Bi and Ir and for that matter even Eu can be

stabilized in multiple oxidation states. Thus, the anomalous lattice contraction could

originate if Bi assumed +5 oxidation state in the dilute doping region where Bi5+ (0.76

Å) is considerably smaller than Eu3+ (1.066 Å). Hence, it is important to study the

oxidation state of all the cations.

Here, we employ the Hard X-ray Photoemission Spectroscopy (HAXPES) as a non-

destructive and element-sensitive probing technique to study the valence state of various

cations as well as the valence band spectra. The HAXPES can probe detailed electronic

structure of solid materials with significantly higher depth sensitivity than conventional

photoelectron spectroscopy. This makes it ideally suited for the investigation of bulk

complex correlated materials.

HAXPES measurements were carried out on the P22 beamline of PETRA III (DESY)

utilizing Si311 double crystal monochromator. The excitation energy was E = 5 keV and

the beam size at sample measured 40× 20 mm2. Spectra were acquired with Specs 225

HV analyzer, the overall energy resolution was set to 0.28 eV. The high-resolution pho-

toemission spectra corresponding to Europium, Iridium, Oxygen and Bismuth as well

105
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as the valence band spectra were collected for the samples corresponding to x = 0, 0.02,

0.035, 0.05, 0.1, 0.25, 0.75, and 1 in the series (Eu1−xBix)2Ir2O7. The data was analyzed

using XPSPeak and CASA XPS software [109].

5.1 Europium core shell spectra

We start by presenting the core level spectra for Europium (Eu). Eu is the only rare-

earth except Ce, Pr, Sm and Yb which can take variable oxidation states. Europium,

apart from the common Eu3+ oxidation state, can also be found as Eu2+. Here we

probed the Eu 3d core level at the binding energy of ∼ 1100 -1200 eV. Fig. 5.1 shows

the 3d core-level spectra of Eu for various Bi doping concentrations. The precise values

of binding energies for various peaks is given in Table 5.1.

Due to the spin-orbit coupling, the 3d peak is split into two peaks corresponding to

3d3/2 and 3d5/2 respectively. The two peaks are separated by 30 eV and are located at

∼1164.1 eV (3d3/2) and∼1133.9 eV (3d5/2). There are also three satellite peaks located

at 1142.4 eV, 1162 eV, and 1127.9 eV. From Fig. 5.1, one can see that the peak shape

and peak positions remain unaltered with changing Bi doping concentration within the

energy resolution of the detector. Also the value of peak binding energies agrees well

with that reported for Eu3+ [110]. This shows that Eu oxidation state as well as chemical

environment is not affected by Bi substitution, and it remains +3 throughout the series.

Eu2−2xBi2xIr2O7 3d3/2 3d3/2 S1 S2 S3
x = 0 1164.3 1133.9 1127.9 1142.4 1162.01
x = 0.02 1164.4 1133.9 1127.9 1142.3 1162
x = 0.035 1164.4 1134 1127.8 1142.5 1162.2
x = 0.05 1164.2 1133.9 1127.8 1142.3 1162.1
x = 0.1 1164.2 1134 1127.9 1142.4 1162.3
x = 0.25 1164.4 1134.1 1127.9 1142.4 1162.2
x = 0.5 1164.18 1134 1127.9 1142.3 1162.3

Table 5.1: Eu 3d core level peaks for various compositions of the series Eu2−2xBi2xIr2O7. In
addition to the core shell lines, there are three satellite peaks corresponding to S1, S2, and S3.



5.1. Europium core shell spectra 107

1 1 2 5 1 1 4 0 1 1 5 5 1 1 7 0 1 1 8 5

S 2 S 3

3 d 3 / 2
x  =  0

3 d 5 / 2

S 1

x  =  0 . 0 2

x  =  0 . 0 3 5

x  =  0 . 0 5

x  =  0 . 1

 

x  =  0 . 2 5

 

 

x  =  0 . 5

B . E . ( e V )
Figure 5.1: 3d core level spectra of Europium. The spectra consist of the standard 3d3/2 and
3d5/2 peaks along with three satellite peaks denoted by S1, S2, and S3.
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5.2 Ir core level spectra
The photoemission spectra of a large variety of Ir oxides exhibit a distinct asymmetric

shape, with satellite peaks associated with the core lines appearing at higher binding

energies. In the previous studies, these satellites were often attributed to presence of

higher oxidation states of Ir [69]. However, a recent HAXPES study carried out by

Kahk et al. [111] et.al on Iridium oxide (IrO2), reinvestigated this issue and showed that

the presence of peaks at higher binding energy do not originate from higher oxidation

states. They ascribed these peaks to the final state effect, which we will discuss after

showing our results and pointing out the similarities and differences between our data

and XPS or HAXPES data published previously for various iridium based oxides.

Fig. 5.2 shows Ir 4f core-level photoelectron spectra for various samples in the

series. The spin-orbit coupling results in two peaks corresponding to 4f5/2 and 4f7/2.

Two satellite peaks neighboring the two 4f spin-orbit split peaks were also present.

Altogether, we found that a complete de-convolution of the Ir photoelectron spectra re-

quires five different peaks including an additional satellite peak (S1) at relatively higher

binding energy. Appropriate constraints corresponding to FWHM and area ratio were

imposed while fitting the spin-orbit split 4f5/2 and 4f7/2 peaks. The obtained binding

energies across the series for the twin Ir 4f5/2 peaks were observed in the range 65.6 -

65.8 eV (peak 1) and 64.7 - 64.5 eV (peak 2) whereas the Ir 4f7/2 peaks ranged as 62.9

- 63 eV (peak 1) and 61.8 - 61.6 eV (peak 2) for all the compositions. The additional

satellite peak was observed in the range 67 - 67.4 eV for all the compositions. A plau-

sible explaination for the strong satellite associated with core 4f5/2 and 4f7/2 peaks is

discussed in the next paragraph after discussing the variation in relative intensity of the

peaks upon going from insulating to metallic samples with increasing x.

As shown in Fig. 5.2, we observed a distinct change in the relative intensity of the

peaks when traversing from region I (0 ≤ x ≤ 0.035) to region II (0.05 ≤ x ≤ 0.1) to

region III (0.1 < x ≤ 1). The core level spectra remained unchanged for the insulating

samples from x = 0 to x = 0.035, after which it shows a distinct change in the relative

intensity of the core level peaks. This however is not accompanied by any measurable

shift in the peak position. In the core level spectra for x > 0.1 (i.e. for the highly

metallic samples), the peak shape becomes increasingly asymmetric and the inclusion

of additional peaks becomes necessary to achieve a satisfactory fit. In addition to this,
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the peaks at lower binding energy in the spin orbit doublet are broad and less intense

up to x = 0.035. This is not the case for metallic, (x ≥ 0.1) samples where the core

level peaks at the lower binding energy dominates the spectra. The HAXPES data of

our Bi2Ir2O7 agrees well with that reported previously [97, 112], which rules out any

extrinsic origin for these additional satellite peaks that are observed only for the metallic

samples.

This shift in the relative intensity is similar to that observed in the study of insulating

and metallic ruthenate pyrochlores [113]. When the photoelectron leaves the core level,

the core level gets ionized and creates an electrostatic perturbation at the ionized center.

If the core-valence Coulomb interaction is greater than the width of the one-electron

conduction band, the ionized core will disengage one of the valence orbitals of the ion-

ized atom from the conduction band [114, 115]. The resulting localized atomic state

lies below the Fermi energy, and can trap the photoionised electron. Thus, photoelec-

trons with two different energies are detected, depending on whether the photoelectron

was trapped (screened) or not (unscreened) in the localised energy state. This is also

in agreement with a comprehensive DMFT study [11] on various ruthenates with vary-

ing degree of electronic correlations, where it was shown that the PE spectra exhibits

a two peak structure corresponding to the “screened” and “unscreened” components.

Further, it was shown that the screened peak disappears in the Mott insulating state, but

progressively deveopes as the band width increases and sample turns metallic.

Similar changes in our Ir 4f core signals suggest for progressive conduction-band

widening as the Bi doping concentration increases. In summary, our results find an

excellent match with precious XPS studies on pyrochlore iridates [112, 116, 117] and

show that throughout the series Iridium retains its +4 oxidation state. The complexity

in the measured spectra arises due to “screened” and “unscreened” components rather

than to the presence of different oxidation state of Ir.

5.3 Bi core level spectra
We probed the Bi 4f core level to gain knowledge about its valence state. Bi can take

valence states ranging from -3 to +5 [118]. The spectra are plotted in Fig. 5.3. The

spectra showed very interesting changes with increasing Bi concentration. For all the

compositions, the spectra could be deconvoluted using four peaks corresponding to two
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Figure 5.2: 4f core level spectra of Iridium.



5.3. Bi core level spectra 111

Eu2−2xBi2xIr2O7 4f5/2(I) 4f5/2(II) 4f7/2(I) 4f7/2(II) S(I) S(II) S(III)
x = 0 65.8 64.6 63 61.8 67.3 - -
x = 0.02 65.8 64.6 62.9 61.6 67.1 - -
x = 0.035 65.8 64.6 63 61.7 67.3 - -
x = 0.05 65.8 64.5 63 61.6 67.3 - -
x = 0.1 65.8 64.5 63 61.6 67.3 - -
x = 0.25 66.1 64.6 63.3 61.6 67.3 65.1 62
x = 0.5 66.1 64.5 63.1 61.5 66.7 65 61.9
x = 1 66.4 64.6 63.4 61.7 66.7 65 62.2

Table 5.2: Ir 4f core level peaks for all the measured compositions in the series
Eu2−2xBi2xIr2O7. In addition to the core shell lines corresponding to 4f5/2(I/II) and 4f7/2(I,II),
there are additional satellite peaks named as S1, S2, and S3. S2 and S3 peaks were required
during the fitting of samples deep in the metallic regime i.e. x ≥ 0.25 and could be a result of
final state effect.

peaks each for the spin-orbit split 4f levels 4f5/2 and 4f7/2, similar to the reports of other

Bi based pyrochlore iridates. The two peaks are not observed for very insulating sam-

ples like Bi2O3, but is a typical feature of conducting samples where Bi hybridisation

plays a role [97, 112, 113]. The peak position remained unchanged within the energy

resolution throughout the series and matched well with the reports for Bi3+ [119]. How-

ever, the relative peaks intensity and peak shape changed dramatically on going from

the insulating compositions to the metallic ones.

For the insulating composition with x = 0.02 and 0.035, the peak shape is rather

symmetric and the intensity of peaks at lower binding energy (designated by 4f5/2(I) and

4f7/2(I)) is small compared to the higher binding energy peaks (designated by 4f5/2(II)

and 4f7/2(II)). On the other hand, the peak shape becomes asymmetric and the inten-

sity of peaks at lower binding energy increases significantly upon entering the metallic

regime for x ≥ 0.05, and at the same time the intensity of 4f5/2(II) and 4f7/2(II) de-

creases.

Apart from the standard Bi 4f5/2 and 4f7/2 peaks, we also observed an additional

peak at around 166.3 eV. As this peak is also observed for EIO (not shown here) which

does not contain any Bi, we ascribe this feature to some extrinsic contribution. This

is further supported by the fact that the intensity of this extra peak is relatively high

compared to the Bi 4f spectra for compositions with small Bi doping; for higher Bi-

doped samples with higher intensity of the 4f core level peaks, the relative intensity of
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Eu2−2xBi2xIr2O7 4f5/2(I) 4f5/2(II) 4f7/2(I) 4f7/2(II) E
x = 0.02 164.5 163.4 159.2 158.4 166.3
x = 0.035 164.6 163.4 159.3 158.1 166.3
x = 0.05 164.3 163.6 159.2 158.3 166.3
x = 0.1 164.2 163.5 159.1 158.2 166.3
x = 0.25 164.1 163.5 159.1 158.2 166.3
x = 0.5 164.2 163.5 159 158.2 166.3
x = 1 164.2 163.5 159.1 158.2 166.3

Table 5.3: Bi 4f core level peaks for all the measured compositions in the series
Eu2−2xBi2xIr2O7. E represents the extraneous feature in the spectra which was held fixed at
a given value while fitting the spectra for all the compositions.

the extraneous peak diminishes implying its extraneous origin. The peak position was

kept fixed while fitting the spectra for all the compositions.

5.4 Valence Band Spectra

We measured the valence band spectra (VBS) of the samples to gain insight about the

metal-to-insulator transition with Bi substitution in EIO. VBS represents all the con-

tributing bands near the Fermi level (EF ) marked by 0 eV in the spectra. The Fermi

energy of the spectrometer or the EF = 0 is calibrated by measuring VBS for a standard,

which in this case was gold metal foil. The VBS, each plot normalised by dividing the

intensity with total area under the curve, is shown in Fig. 5.4(a). VBS spectra were

normalized in order to plot them on the same scale for understanding relative changes

in various parts of the spectra. Elemental attribution of various features of the spectra

was done using two ways: i) Comparing the spectra with the reported data collected

at similar energy [111]. ii) Comparing the difference between the spectrum of extreme

compositions, for example, Eu2Ir2O7 and Bi2Ir2O7. The region 0 - 9 eV represents

peaks from Ir 5d orbitals which agrees well with the literature [112]. We do not ex-

pect any contribution from O (2p) in the measured VBS due to its small photoionization

cross-section at 5 keV incident radiation. We also observed contribution from Bi 6s2 at

∼ 11 eV which is also reported for Bi2O3. The Bi 6s2 peak is first detected for x = 0.05

and is a prominant feature in the VBS of higher Bi doping concentrations.
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Figure 5.3: 4f core level spectra of Bismuth.

The VBS peaks contributed from Ir 5d shows considerable changes and reconstruc-

tion with increasing Bi concentration that suggests possible hybridization between the

Ir 5d and Bi 6p bands. On the other hand, the Bi 6s peak only grows in terms of intensity

but does not change shape or position across the series. As the Bi 6s peak is located 11

eV away from the Fermi energy and absence of any modification in the peak position in-

dicates that Bi 6s do not hybridize with Ir 5d peaks. This hypothesis also finds a match
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Figure 5.4: (a)Valence band spectra of different compositions in the series (Eu1−xBix)2Ir2O7,
(b) The region around 12 eV depicting Bi 6s2 spectra.

with earlier photoemission and first principle study on Bi-based pyrochlore ruthenate

(Bi2Ru2O7) [120]. Hence, the Ir 5d hybridization must be with empty Bi p orbitals that

are predicted [120] to be positioned near the Fermi energy. A closer look near the Fermi

energy (Fig. 5.5(a)) indicates that the spectral weight gradually increases at the Fermi

energy with increasing Bi doping, in agreement with the observation that with increas-

ing Bi concentration the electrical conductivity increases i.e., the samples become more

and more conducting. Also a shoulder peak appears near the Fermi energy (Fig. 5.5(b))

for x ≥ 0.1, which also is the Bi concentration value beyond which lattice parameters

increases.
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Figure 5.5: (a)Valence band spectra showing the increasing spectral weight near EF with Bi
doping. (b) Formation of new shoulder peak near EF for x ≥ 0.1.
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5.5 Discussion
From the results presented above, we can see that the peak positions in the core level

spectra for all the cations does not vary within the energy resolution of the spectrome-

ter. This shows that all the cation retains their ideal valence state and importantly, the

anomalous lattice contraction for x ≤ 0.035 in the series (Eu1−xBix)2Ir2O7 is not a re-

sult of varying oxidation state of any cation. However, the relative peak intensity and

the peak shape vary considerably for the core level spectra of both Ir and Bi.

Going from insulating compositions for 0 ≤ x ≤ 0.035 to metallic compositions for

x ≥ 0.05, the core level spectra for Ir and Bi shows pronounced asymmetry. Now, the

core photoelectron spectra of simple metals are known to display characteristic asym-

metry due to electron-hole excitation in the final state [113, 121]. Further, for metallic

compounds, it has been shown that the asymmetry of the core peak of a constituting

element is proportional to the square of the partial density of states at the Fermi energy

provided by the valence orbitals of that element [122]. Thus the asymmetries of the Bi

4f and Ir 4f core signals provide direct evidence of an increasing partial density of states

from these two elements at the Fermi energy. In addition to this, the appearance of Bi

6s peak without any shape or peak position change in the valence band spectra further

support our conjecture that metallicity in compositions above x > 0.05 is driven by Bi

6p / Ir 5d orbitals.

5.6 Summary
With the help of HAXPES studies we confirmed that all the cations retain their nominal

oxidation state throughout the series. This adds to our hypothesis that the lattice con-

traction in the series (Eu1−xBix)2Ir2O7 did not result from any change in the oxidation

state of any cation. With the help of VBS and the increasing asymmetry of the core

level spectra of Ir and Bi, we showed that the Bi 6p - Ir 5d hybridisation drives the

metal-insulator transition. The unaltered Bi 6s peak also indicates that Bi 6s level does

not contribute to the Fermi level in agreement with previous report [123].



Chapter 6
Effect of Bi substitution in some other
members of the pyrochlore iridate
series

In the previous chapter, we presented the effect of Bi substitution on the structure and

physical properties of Eu2Ir2O7 (EIO). We showed that dilute Bi substitution in EIO

results in an anomalous lattice contraction which is also reflected in the variation of

various physical properties across the anomalous region. Thus, it is of great interest to

examine the effect of Bi substitution in some other members of the pyrochlore series.

In this chapter, we study the effect of Bi substitution on the structure and physical

properties of insulating and semi-metallic members of the A2Ir2O7 series, namely, A =

Sm, Gd, Dy where Sm and Gd samples exhibit a metal-to-insulator transition analogous

to EIO, and Dy2Ir2O7 is insulating over the whole temperature range. Bi substitution in

the pyrochlore iridates generates two effects: i) steric effect due to difference between

the lattice parameter of A2Ir2O7 and Bi2Ir2O7 ; ii) electronic effect, due to changes in

the electronic structure arising from an overlap between Bi 6p and Ir 5d orbitals. Thus,

in the pyrochlore iridate series, we expect the electronic effect to be overwhelming in

those cases where the difference between the lattice parameters of the end members is

small (as, for example, in A = Sm), and the steric effect to dominate in those cases where

this difference is large (as, for example, in A = Dy). Here, we attempt to get a general

understanding of the effect of Bi substitution in these two extreme cases, and correlate
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it with our findings on the Weyl candidate EIO reported in the previous chapters.

6.1 Synthesis and structural characterization
All the samples in the series (A1−xBix)2Ir2O7 (A = Sm, Gd, and Dy) were synthe-

sized using the same procedure as detailed in chapter four. Any deviation from the

earlier protocol is clearly pointed out where necessary. Amongst the three series, the

(Sm1−xBix)2Ir2O7 (Sm-Bi) series was characterized in more details and it will be pre-

sented first. This will be followed by a report on the effect of Bi substitution on the

structure and physical properties of (Gd/Dy1−xBix)2Ir2O7 series of compounds.

6.1.1 Lattice parameter variation in (Sm1−xBix)2Ir2O7

Figure 6.1: (a) Evolution of [444] powder x-ray diffraction peak (b) Lattice parameter evolution
across the series Sm1−xBix)2Ir2O7.

For the (Sm1−xBix)2Ir2O7 series, eight compositions were synthesized with x =

0, 0.02, 0.035, 0.05, 0.1, 0.25, 0.5 and 0.75. The samples were synthesized in air via

solid-state reaction route using the precursors Sm2O3 (Alfa aesar, 99.9 %), Bi2O3 (Sigma

Aldrich, 99.9 %) and IrO2 (Sigma Aldrich, 99.9 %). The sintering procedure is simi-

lar to that described in chapter 4. The phase formation during the sintering process

was monitored using a Bruker D8 Advance powder X-ray diffractometer. The lat-

tice parameters of the end members of this series are very closely matched. The lat-

tice constant of Sm2Ir2O7 is 10.3235 Å whereas for Bi2Ir2O7 it is 10.3250 Å. Hence,

the evolution of lattice parameter in their solid-solution requires careful probing using
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high-resolution synchrotron x-ray diffraction to accurately determine the lattice con-

stant for the intermediate composition. Thus, we examined the compositions x =

0, 0.02, 0.035, 0.05, 0.1, 0.25, 0.5, and 1 at 11-BM beamline at the Argonne National

Laboratory using the mail-in rapid access facility.

The data collection was performed at a fixed energy of∼ 30 keV. The 11-BM beam-

line couples an efficient sagittal x-ray beam with a high precision diffractometer circle

and perfect Si(111) crystal analyser detection to achieve high sensitivity and resolution.

Instrumental resolution at highQ is better than ∆Q/Q ≈ 2×10−4, with a typical 2θ res-

olution of < 0.01◦ at 30 keV. The transmission measurements were performed with the

rotating capillary stage to eliminate the preferred orientation if any. The samples were

filled in 0.8 mm diameter Kapton tube. To reduce the sample absorption, the samples

were diluted with amorphous silica powder. Further, crushed crystalline Si was added

to each sample for greater accountability of the refined lattice constants. All the refined

parameters are listed in table 6.1

Fig 6.1(a) shows the evolution of the peak [444] for different compositions. It can

be clearly seen from Fig 6.1 that the peaks for all the intermediate compositions are

right-shifted compared to the end members of the series. A mixed-phase refinement

was carried out for all the samples using the Fullprof suite. The lattice constants were

extracted from the Rietveld refinement and are plotted in Fig. 6.1(b). The representative

refinement plots are shown in Fig. 6.2. The lattice constant decreases up to x = 0.1 and

starts recovering for higher doping concentrations. As the electronic effect is expected

to prevail in the (Sm1−xBix)2Ir2O7 series, it is seen that the lattice constants for all the

intermediate samples are smaller than the end members. The quantity δ (defined earlier

for EIO as δ(x) = (a−a0)/(a1−a0); where a0 and a1 are the lattice parameters of EIO

and BIO respectively) for SIO is a gigantic -658% compared to just -21% in the case

of EIO. These results further cement our conjecture that the lattice contraction upon Bi

substitution in the pyrochlore iridates is of electronic origin.

6.1.2 Lattice parameter variation in (Gd/Dy1−xBix)2Ir2O7

We synthesized compositions with A = Gd and Dy for x = 0, 0.02, 0.035, 0.05, 0.1, 0.25

and x = 0, 0.02, 0.035, 0.05, 0.1, 0.25, 0.5, respectively. The precursors for Dy-Bi se-

ries were Dy2O3 (Alfa aesar, 99.9 %), Bi2O3 (Sigma Aldrich, 99.9 %) and IrO2 (Sigma

Aldrich, 99.9 %). For the Gd-Bi series, the precursors used were Gd2O3 (Sigma Aldrich,
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Figure 6.3: (a) Peak evolution across the (Gd1−xBix)2Ir2O7 series (data collected from Argonne
National Laboratory) (b) Lattice parameter evolution across the series.
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Figure 6.4: Representative refinement plot for x = 0.035 and 0.25. For the compositions in
the range x ≤ 0.1, mixed phase refinement consisting the pyrochlore phase and the precursor
phases were carried out. For x = 0.25, single phase refinement was carried out.

99.9 %) and Bi2O3 (Sigma Aldrich, 99.9 %) and IrO2 (Alfa aesar, 99.9 %). Simi-

lar synthesis protocol as used for the Eu-Bi series was also followed for the synthesis

of (Gd/Dy1−xBix)2Ir2O7 compounds. The phase formation during the sintering process

was monitored using a Bruker D8 Advance powder X-ray diffractometer. Ir metal peaks

were observed for the Gd-Bi series, which was unusual given the initial moderate sin-

tering temperatures. The x-ray scan of the IrO2 (Alfa aesar, 99.9 %) precursor revealed

the presence of Ir-peaks; hence for all other compositions, IrO2 procured from Sigma
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Aldrich was used. It was found that the IrO2 obtained from Alfa aesar contained a

high proportion of Ir-metal powder. As the precursor weight was calculated assuming

the composition to be IrO2, the compositions in the Gd-Bi series have excess Iridium.

During the sintering process, though most of Ir metal powder did get oxidised to form

IrO2, small peaks due to traces of residual Ir-metal and IrO2 were still observed, due

to the excess Ir precursors. Additional sintering at higher temperatures ∼ 1080◦C were

done for the Gd-Bi series to get rid of the excess Ir content. No precursor peaks were

observed for (Gd0.75Bi0.25)2Ir2O7, where pre-oxidised Ir-metal powder was used.

Figure 6.5: (a) Peak evolution across the Dy1−xBix)2Ir2O7 series (b) Evolution of lattice pa-
rameters extracted from unit cell.

X-ray diffraction experiments were carried out for the Gd-Bi series using the mail-

in service at Argonne National Laboratory, as described earlier. The lattice parameters

were obtained using the Rietveld refinement. The trend in the peak position and evo-

lution of the lattice parameters is shown in Fig. 6.3. Representative Rietveld scans

are shown in Fig. 6.4. For the (Dy1−xBix)2Ir2O7 series, x-ray diffraction scans were

done using the lab-based x-ray source with Si added as an internal standard, and the

lattice parameters were extracted using the UNITCELL program. The peak position

trend across the series and the lattice parameter evolution are shown in Fig. 6.5. Both

the (Gd1−xBix)2Ir2O7 and (Dy1−xBix)2Ir2O7 show anomalous lattice contraction up to

x = 0.05.
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6.2 Physical properties
Next, we discuss the physical properties of these compositions. We study the changes

in their electrical transport, magnetic susceptibility, and thermopower as a function of

temperature and magnetic field across the whole series. Sm is a neighbour of Eu, and

both these neighboring compounds share the AIAO ground state of the Ir-sublattice and

have closely spaced (within ±3 K of each other) transition temperatures. Hence while

presenting the results for Sm2−2xBi2xIr2O7, we will often recall the analogous results

for the Eu2−2xBi2xIr2O7 series.

6.2.1 Physical properties of the series (Sm1−xBix)2Ir2O7
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Figure 6.6: (a) The temperature variation of absolute resistivity for various x. The resistivity
shows a sudden decrease in the magnitude for x = 0.035 which is apparent from the scaling
on the y-axis.(b) The susceptibility (χ) for x ≤ 0.1 is shown as a function of temperature.
Thermomagnetic hysteresis is seen only for x = 0, 0.02 and 0.035 sample; the upper (lower)
branch represents FC (ZFC) data. The kink in the x = 0.05 data around 50 K corresponds to the
ordering of trapped oxygen.

Sm2Ir2O7 (SIO), similar to EIO, shows a metal-to-insulator transition concomitant

with AIAO antiferromagnetic ordering around 114 K which is in close agreement with

the literature [47]. For Bi doping concentration of x = 0.02, the transition temperature

decreases to nearly 90 K, which is a rather steep decrease compared to the change in

the transition temperature in EIO for a similar doping concentration. For x = 0.035, the

transition temperature drops further to ∼ 60K; and for the compositions with higher
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Bi-doping a metallic behaviour with weak upturn is observed down to the lowest mea-

surement temperature of 2 K in our experiments (Fig. 6.6a).

The magnetic susceptibility data (Fig. 6.6b) echoes the transport behaviour. The

bifurcation temperature in the field-cooled and zero-field-cooled data, which marks the

onset of magnetic transition, coincides with the metal-insulator transition temperature

obtained from the transport measurements. The susceptibility in the paramagnetic re-

gion could not be modelled using simple Curie-Weiss law. Such absence of Curie-

Weiss behaviour is a common feature in trivalent Sm compounds which arises due to

the multiplet-level structure of Sm3+ [44]. The susceptibility of SIO was observed to

3×10−3 emu/mol (1.5×10−3 emu/Sm) which is in reasonably good agreement with the

free ion value of Sm3+ at 300 K (1.01×10−3 emu/mol) [124], given that Ir4+ itinerant

moments also contribute in SIO.

A closer look at the low-temperature transport data reveals that both the insulating

compositions, SIO and x = 0.02 show a 1/T n dependence. For a Weyl semimetal, n is

predicted to be unity by Hosur et. al. [106]. However, n turned out to be less than unity

for SIO (n = 0.8) and further decreases for x = 0.02 (n = 0.7). In the case of EIO, dilute

Bi substitution drove n to unity from n < 1, closer to the Weyl band crossing.Thus,

upon Bi substitution in SIO, seems to take the system farther away from the Weyl band

crossing.

Figure 6.7: Low temperature fitting of ρ for x = 0 and 0.02.

Next we discuss the changes in the thermopower (S). In the previous chapter, we

saw that Bi substitution changes the sign of thermopower from positive to negative with

increasing Bi doping. S for SIO (Fig. 6.7) is positive throughout the temperature range,
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Figure 6.8: Thermopower plotted as a function of temperature for x = 0, 0.02, 0.035, 0.05and1.

except in the narrow range 60 ≤ T ≤ 150 K, in agreement with the literature [4].

It shows a dip at the metal-insulator transition and increases again as the temperature

is lowered. However, this increases is terminated upon further cooling with a peak

in S around 30 K, which is possibly due to the phonon drag. Upon further cooling S

approaches zero as T goes to 0. For x = 0.02, we observe that the temperature range

over which the sign turns to negative extend from around 230 K to 20 K with a prominent

peak near T = 80 K, which coincides with the resistivity anomaly.

For x = 0.035, where, still an upturn is observed for the resistivity, the thermopower

peak shifts to a lower temperature coinciding with the resistivity upturn. In the metallic

region, for x = 0.05, the peak shifts to slightly higher temperature. Overall, the quali-

tative behaviour and the magnitude of S is comparable in all the three compositions, i.e,

for x = 0.02, 0.035 and 0.05 in spite of the fact that their resistivities differ consider-

ably. This suggests that the thermopower for these compositions does not scale with the

electrical conductivity in a usual manner generally seen for the semiconducting samples

(σ ∝ n and S ∝ n−2/3). A recent study on the thermopower of Nd2−2xCa2xIr2O7 series

showed that such characteristics feature in the thermopower indicate the presence of
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degenerate quadratic band touching [125].

6.2.2 Physical properties of the series (Gd/Dy1−xBix)2Ir2O7
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Figure 6.9: Transport plotted as a function of temperature for (a) (Dy1−xBix)2Ir2O7 and (b)
(Gd1−xBix)2Ir2O7

The ground state of Dy2Ir2O7 (DIO) is insulating, whereas Gd2Ir2O7 (GIO) shows

a small increase in the slope around 130 K (i.e., an insulator to insulator or a bad metal

to insulator transition). ρ vs T for (Dy1−xBix)2Ir2O7 and (Gd1−xBix)2Ir2O7 is plotted in

Fig. 6.9. In the range of the lattice expansion, up to x = 0.05, the resistivity behaviour

continues to be insulating, however, a sharp increase in the slope of resistivity, akin to

metal-insulator transition, is observed around 120 K for the Bi substituted compositions.

The change in the slope is more stark for the (Gd1−xBix)2Ir2O7 series compared to

the (Dy1−xBix)2Ir2O7 series. As the lattice contraction recovers for x ≥ 0.1 for both

the series, the resistivity drops by six to seven orders of magnitude compared to the

insulating region for (Dy1−xBix)2Ir2O7. For (Gd1−xBix)2Ir2O7, the resistivity in the

same regime drops by two orders of magnitude. The transition temperatures in the two

series, however, shows different variations for the two series of solid solutions. For the

(Dy1−xBix)2Ir2O7, the transition temperature does not change much upon going from

the highly insulating region for 0 ≤ x ≤ 0.05 to a more conducting region for x ≥ 0.1.

On the other hand, in the (Gd1−xBix)2Ir2O7 series the transition from insulating region

(x ≤ 0.05) to metallic (x ≥ 0.1) region is accompanied by a drop in the transition

temperature from 108 K (x = 0.05) to 50 K (x = 0.1).
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Figure 6.10: (a) χ vs. T plotted for the members of the series (Gd1−xBix)2Ir2O7. (b) 1/χ plotted
vs T for x = 0.035; the red line shows the Curie-Weiss fit to the data in the range 200 - 300 K.
The inset panel shows the bifurcation between ZFC and FC susceptibilty marking the transition
temperature.

Fig. 6.10 shows the magnetic susceptibility as a function of temperature for (Gd1−xBix)2Ir2O7

series. Due to the very high moment of Gd (∼7.9µB), the bifurcation between the zero-

field-cooled (ZFC) and field-cooled (FC) susceptibility is very small at the transition

temperature. Inset of Fig. 6.10(b) shows the 1/χ plot vs. T where the transition can

be seen for x = 0.035. The bifurcation between the ZFC and the FC was observed till

x = 0.05. χ above the transition temperature could be fit using simple Curie-Weiss be-

haviour for all the compositions. The fitting was carried out in the temperature range

of 200 K - 300 K. Representative plot showing the Curie-Weiss fit for x = 0.035 can

be seen in Fig. 6.10(b). We obtained µeff /f.u. from the Curie constant. Assuming the

theoretical value for the Gd moment to be ∼7.9µB, and the Landé-g factor to be 2, we

calculated µeff/Ir using the following equation.

µeff
2 = 2µGd

2 + 2µIr
2 (6.1)

All the parameters are listed in Table 3. In pyrochlore iridates, Ir4+ has 5d5 elec-

tronic configuration. The combined effect of the octahedral crystal field and strong

spin-orbit coupling leads to all the five electrons occupying the t2g level which is further

split into a completely filled jeff = 3/2 quartet leaving one electron in the jeff = 1/2 state.

This gives an effective moment of 1.73µB/Ir assuming g to be 2. However, using equa-

tion 6.1, we obtained rather large values for the Ir moments. Similar high values for the
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Table 6.3: Parameters obtained from fitting of the magnetization data using Curie-Weiss expres-
sion χ = C/(T - θP ) for (Gd1−xBix)2Ir2O7. µeff/Ir is calculated assuming Gd moments to be
7.9 µB and the lande-g factor for Ir to be 2. But the Gd ordering moment can range between
7.9 - 8.1 µB and value of gJ for Ir can differ from 2 in the strong SOC limit, hence the µeff/Ir
carries a considerable error bar.

Gd2−2xBi2xIr2O7 C (emu K mol−1) µeff (µB/f.u.) µeff (µB/Ir)
x = 0 0.0523 12.37 3.75
x = 0.02 0.0553 12.03 3.15
x = 0.035 0.06064 11.49 1.88
x = 0.05 0.06204 11.36 1.43
x = 0.1 0.0637 11.21 0.62

Ir moment were previously reported for Y2Ir2O7 where only Ir moments contribute to

the Curie-Weiss behaviour, which imparts more confidence in the extracted value for the

effective moment of Ir [126]. In our case, the calculated Ir moment is less reliable for

two reasons: i) the exact value of effective Gd moments is reported to vary between 7.9

- 8.1 µB for various Gd compounds and ii) Landé-g factor can be different than 2 in the

strong SOC limit. However, despite these uncertainties, it is evident that in Gd2Ir2O7,

the Ir moments are localised, and the effective moment per Ir is larger than the spin only

value of 1.73µB, suggesting a highly anisotropic g-tensor with polycrystalline average

differing considerably from the spin only value of g = 2.

As the conductivity increases going from x = 0 to x = 0.1, the effective Ir moment de-

creases. This suggests that for insulating compositions, Ir localised moment contributes

to the total effective moment and as the compositions become more metallic, due to the

itinerancy of Ir, the Ir moment decreases, which is also consistent with the fact that in

Eu2Ir2O7 the Ir moment is highly itinerant.

Fig. 6.11(a) plots S for (Dy1−xBix)2Ir2O7 series where it can be seen that x = 0.05

has a positive thermopower over the whole temperature range, which becomes negative

at low temperature T ≤ 175 K for x = 0.1. Thus, in this doping range, the majority

charge carriers start changing from holes to electrons.

Plot of S vs T for (Gd1−xBix)2Ir2O7 series (Fig. 6.10(b)) shows that the majority

charge carriers have already changed from holes to electron for x = 0.05 while still

being in the insulating region. Upon going from x = 0.05 to x = 0.1, the thermopower

increases in magnitude, and the temperature range over which S remains negative also
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increases considerably.
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Figure 6.11: S plotted as a function of temperature for selected compositions in the series
(a)(Dy1−xBix)2Ir2O7 and (b) (Gd1−xBix)2Ir2O7

6.3 Discussion and Summary
We will first discuss the anomalous lattice contraction. We observed that similar to

Eu-Bi series, dilute Bi substitution also results in anomalous lattice contraction for the

pyrochlore iridates A2Ir2O7 (A = Sm, Gd and Dy). The ionic radius of Bi is larger than

the ionic radius of the rare-earths studied here. Hence, Bi substitution induces steric

effect. However, Bi substitution is also accompanied by electronic effects where charge

carriers are introduced, possibly due to the overlap between Bi 6p and Ir 5d orbitals.

Hence the lattice contraction is a resultant of competition between the steric effect and

the electronic effect. This is clearly manifested in the gigantic lattice contraction for Bi
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substituted SIO where both SIO and BIO have equal lattice parameters and δ is nearly

658%.

The lattice contraction has interesting implications on the physical properties. The

ordering temperature changes rather gradually for A = Dy and similar as Eu-Bi series in

the case of A = Gd. However, for A = Sm, significantly rapid suppression of the ordering

temperature with Bi substitution is observed compared to the effect of Bi doping in EIO.

In spite of the nearly same transition temperature for both EIO (120 K) and SIO (117

K), the rate of suppression of the ordering is very different for the two compositions. In

the anomalous doping range, the rate of change of TN is an order of magnitude higher

(∆TN/TN ≤ 0.4) compared to EIO (∆TN/TN ≤ 0.06)

.

Now we will discuss the quantitative change in the ρ. For both DIO and GIO,

the compositions become less insulating with increasing Bi substitution. However, the

steep upturn in the resistivity at the transition temperature can be observed for all the

compositions in the anomalous region. This behaviour collapses as the lattice constant

recovers for x = 0.1. Though the change in the sign of the slope (dρ/dT) is clearly

discernable at x = 0.1, a significant drop in the magnitude of ρ to≥ 0.1 Ohm-cm (at 2 K)

is observed for both Dy-Bi and Gd-Bi series. A similar magnitude of ρ is also observed

in the case of Eu-Bi series where the lattice contraction recovers. This underscores the

point that beyond a certain carrier concentration, the steric effect dominates over the

electronic effect. For Sm-Bi series, ρ continues to be around 0.09 Ohm-cm till x =

0.25 beyond which (x = 0.05) the magnitude of ρ drops to 0.01 Ohm-cm and the lattice

constant start increasing.

DIO and GIO have positive thermopower indicating holes as majority charge car-

riers. According to our conjecture from chapter 4, Bi substitution in pyrochlore iri-

dates tunes the Fermi energy from hole rich region to electron rich region while passing

through the Weyl band crossing. This is nicely manifested in the thermopower measure-

ments of Dy-Bi and Gd-Bi series. For the most insulating sample studied here, i.e. DIO,

the majority charge carriers (concluded from the sign of thermopower) remain hole-like

untill x = 0.05 whereas for a relatively less insulating GIO, the thermopower sign change

can be observed at just x = 0.05. The thermopower for undoped SIO itself changes sign

in the intermediate temperature range (60 ≤ T ≤ 150 K) showing its proximity to the
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Weyl band crossing (also reflected in the power law dependence at low temperature) and

becomes negative over majority temperature range for x = 0.02.

We also studied magnetic susceptibility for both Sm-Bi and Gd-Bi series. The tran-

sition temperature is indicated by the bifurcation in the FC and ZFC susceptibility in

both the cases. The paramagnetic susceptibility of the Gd-Bi series could be modelled

using simple Curie-Weiss behaviour. The systematic decrease in the effective Ir moment

with increasing conductivity suggests that Ir moment contribute to the overall moment

even in the paramgnetic region and Ir itenerancy should be considered while discussing

the paramagnetic susceptibility of pyrochlore iridates.

In summary, we investigated the structure and physical properties of (A1−xBix)2Ir2O7

for A = Dy, Gd and Sm. We established the electronic origin for the anomalous lattice

contraction upon Bi-doping in the pyrochlore iridate family. The low-temperature ‘ρ’

behaviour of the (Sm1−xBix)2Ir2O7 samples (for x = 0, and 0.02) suggests that Bi-

doping in Sm2Ir2O7 pushes it away from the WSM ground state whereas, (as we saw in

chapter 4), Bi-doping in EIO pushes it closer to the Weyl point.



Chapter 7
Summary and Outlook

In this thesis, our main aim was to realise novel electronic phases in pyrochlore iridate

family. In particular, we focused on the Weyl semimetallic phase that was theoretically

predicted almost a decade back. From the previous experimental works, it is known that

the ground state of pyrochlore iridates (A2Ir2O7) is sensitive to the unit cell parameter;

hence chemical pressure could act as an excellent probe in tuning the relative interaction

strength of Coulomb, spin-orbit and crystal field interactions to experimentally realize

the Weyl semimetal ground state.

For this purpose, we chose the member Eu2Ir2O7 (EIO) of the pyrochlore series.

This choice is based on two important criteria: (i) EIO is located at the metal-to-insulator

phase boundary, so the likelihood of finding the Weyl state, which, as shown by Krempa

et al., appears over a very narrow window of the parameter space, are higher for this

compound; and, (ii) Eu3+ is non-magnetic due to its J = 0 ground state, which means

that intertwined magnetic and topological properties, i.e., the time reversal symmetry

breaking leading to the WSM state, associated with the Ir 5d electrons can be probed

directly without the huge magnetic background arising from the rare-earth moments.

To tune the ground state of EIO, we decided to dope at the Eu site with another tri-

positive (3+) ion so as to preserve the Ir4+ (J = 1/2) sublattice, which is crucial to the

phenomenology of iridates. One of the possibilities before us was to use one of the

lighter rare-earths (Sm, Nd or Pr) as the dopant; however, we did not consider this op-

tion simply to avoid additional complications arising due to magnetic nature of these

ions. We, therefore, considered doping with Bi3+ since Bi2Ir2O7 (BIO) has the requi-

133
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site pyrochlore structure and is also metallic in nature. Also, its lattice parameter (a) is

larger than that of Eu2Ir2O7 (EIO), which means doping with Bi will shift the ground

state of EIO in the desired (metallic) direction.

We synthesized a series (Eu1−xBix)2Ir2O7 for x = 0, 0.02, 0.035, 0.05, 0.1, 0.25, 0.5,

0.75 and 1. For dilute Bi substitution, x ≤ 0.035, we found a large anomalous lattice

contraction. Since Bi3+ is larger in size compared to Eu3+, we had expected a regu-

lar lattice expansion in the Eu-Bi solid-solution. However, on the contrary, we found

an unusual contraction of the unit cell. The lattice contraction was confirmed using

high-resolution synchrotron x-ray diffraction data at Elettra, Italy. Bi-doping also had

a pronounced effect on physical properties. The ground state of EIO was found to be

robust for compositions with x ≤ 0.035 and is strongly suppressed for higher doping

concentration (x ≥ 0.05). In the anomalous region (0 < x ≤ 0.035, we find that dilute

Bi-doping tunes the ground state closer to the Weyl point, which is inferred from the be-

haviour of ρ vs. T, which is theoretically shown to follow a 1/T dependence as shown

by Hosur et al. [106]. This was also supported by low-temperature thermopower which

showed a change in the sign from positive to negative in the narrow doping range of

0.02 ≤ x ≤ 0.05, and a concomitant reduction in the γ (i.e., coefficient of linear term in

cP ) value. For x = 0.1, we observed a metallic behaviour and absence of any magnetic

ordering down to 2 K. The absence of any ordering or freezing was further confirmed

using µSR down to 20 mK. Also, the transport in this sample showed significant re-

semblance with PIO which is a proven Quadratic Band Touching (QBT) system. We

thus conjectured that x = 0.1 realises a QBT ground state from which other non-trivial

topological phases can be derived.

To understand the mechanism of the metal-insulator transition in the (Eu1−xBix)2Ir2O7

series and to study any possible change in the valence state of any of the cations, we

carried out HAXPES studies on these samples. We found that while all the cations

maintain their formal valence state, there is a striking change in the peak shape of the

core level spectra of Ir and Bi, traversing from insulating compositions to the metallic

ones. The core-level spectra along with the valence band spectra indicated hybridisation

between Bi 6p and Ir 5d orbitals as a possible mechanism for the emergence of metallic

behaviour with increasing Bi doping.

We then extended Bi-doping to other members of the A2Ir2O7 (A = Dy, Gd, Sm)
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series. The most dramatic effect of Bi doping is observed for A = Sm; here the lattice

parameter of Sm2Ir2O7 (SIO) and BIO are closely matched but we found that all the

intermediate compositions in the Sm-Bi solid solution had smaller lattice parameter

than the end members, which clearly established the dominance of electronic effect

over the steric effect. Lattice contraction was observed for other members of the series

as well, similar to that of Eu. As the difference between the A-site ionic radius and Bi

decreased, suppression of the insulating and magnetic ground state of the pyrochlore

compounds occurred suddenly. In short, Bi suppressed the insulating ground state for

A = Sm just at x = 0.035, whereas a rather gradual decrease in the ordering temperature

is observed for A = Dy. Nonetheless, Bi doping resulted in interesting changes in the

physical properties for all the pyrochlore iridates.

Figure 7.1: Phase diagram of the pyrochlore iridates.
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We also addressed a discrepancy concerning the sign of the slope of ρ versus temper-

ature plot in EIO above the metal-to-insulator transition, which is reported to be positive

in some studies, negative in others, and a sign-changing one in other few. The sign-

changing observation was previously thought to be a signature of a correlated “strange

metal”. In our study, we showed that these varying behaviours, in effect, result from

“stuffing” of Eu at the Ir site, due to minor changes in the structural parameters that

were probed using a high-resolution synchrotron data. Since IrO2 is volatile, we conjec-

tured that the samples studied in previous reports had varying Eu/Ir ratio. We eventually

proved that our conjecture is correct by varying Eu/Ir ratio in a controlled manner.

In future, single crystal growth of Bi-substituted pyrochlore iridates can open up

new avenue for more detailed measurements, including ARPES, to study the Fermi

arc states in the Weyl members. Also, magnetisation study of the metallic members

of the Bi substituted pyrochlore iridates down to millikelvin temperature can be useful

in exploring the itinerant spin dynamic. Bi doping in the metallic pyrochlore iridate

member such as PIO, can also be an interesting avenue to understand the importance

and effect of f-d interactions in these compounds.

To summarize, we investigated the effect of chemical pressure achieved by con-

trolling the stoichiometry as well as doping on the structure and physical properties of

pyrochlore iridates. We show that Bi-doping in pyrochlore iridates provides a unique

platform, which, unlike Sr or Ca doping, does not create an Ir4+ – Ir5+ charge dispro-

portionation, and thus keep the Ir4+ sublattice intact, which is a key to obtaining various

non-trivial topological phases. We reported a possible realization of Weyl semimetallic

state as well as quadratic band touching upon Bi substitution in the pyrochlore iridate,

thus proving Bi doping to be an interesting direction to realise novel ground states in the

pyrochlore iridates. As shown in the phase diagram (Fig. 7.1), our study suggests that

the probability of realizing a Weyl semimetallic ground state is the highest somewhere

between A = Eu, and Sm whereas further increasing the A-site ionic radius towards Nd

or Pr leads to a region where quadratic band touching emerges. Our findings are ex-

pected to motivate further research in exploring new quantum phases in the U−λ phase

space of 5d transition metal oxides.



Appendix A
Stuffing studies in pyrochlore stannate
Yb2Sn2O7

A.1

Recently, pyrochlore compounds with Yb at the A site have garnered significant atten-

tion. In these pyrochlores, the crystal electric field (CEF) gives rise to a Kramers doublet

ground state with easy XY planar anisotropy [127, 128]. In these XY pyrochlores, the

anisotropic nearest neighbour exchange interaction between the A3+ ions, and the strong

quantum spin fluctuations of the effective spin 1/2 moments, stabilizes a wealth of ex-

otic ground states [128]. Yb2Ti2O7 (YTO) is one such compound which has been widely

studied [41, 58, 128, 129] in the past decade. In YTO, Ti4+ is non-magnetic, and hence

the magnetism is driven solely by the Yb3+ which carries an effective 1/2 moment. For

YTO, the local [111] Ising-like exchange interaction is considerably larger than the XY

planar interaction [41], which helps in stabilising an unconventional first-order tran-

sition [130] that has been proposed to be a splayed-ferromagnet (SF) where the Yb3+

spins point along one of the global major axes with small canting [131]. This state is ob-

served to be highly sensitive to low levels of quenched disorder that drastically impacts

the formation of long-range magnetic order. Considerable research has been focused

on quantifying the effect of off-stoichiometry on the ground state of YTO. However,

the absence of conventional spin waves below TC , irrespective of the stoichiometry, has

resulted in various speculations concerning the true ground state for YTO [132, 133].
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The interesting physics of YTO gives a natural motivation to study other Yb-based

pyrochlores. In this regard Yb2Sn2O7 (YSO) is an excellent candidate. Both YTO and

YSO share the similarity of non-magnetic B site and ferromagnetic ground state with

the absence of conventional spin waves [132] below TC , which is 256 mK for YTO

and 150 mK for YSO. The main difference between the two is in terms of their lattice

parameters, which is 10.03 Å for YTO [57] and 10.306 Å for YSO [69]. However, in

spite of this great similarity, the effect of off-stoichiometry on the ground state of YSO

has never been explored to the best of our knowledge. In addition, the Yb-pyrochlores

exhibit a rich phase diagram and their magnetic ground states are fragile and easily

affected by perturbations, such as chemical pressure and off-stoichiometry [128]. Thus,

it would be of great interest to study the effect of off-stoichiometry in YSO which may

also prove helpful in gaining a better understanding of the ground state of YTO and

other Yb based pyrochlores.

A.1.1 Synthesis and structural characterization

We synthesized ∼4g of five different compositions with the nominal stoichiometry as

Yb2−xSn2+xO7 (for x= -0.1,-0.04, 0, 0.04, 0.1). All the compositions were synthesized

using the standard solid-state synthesis route where the precursors Yb2O3 (Alfa Aesar,

99.9%) and SnO2 (Sigma Aldrich, 99.9%) were mixed in appropriate ratio and synthe-

sized at 1400◦C for 96 hours with intermediate grinding and pelletizing.

To find out the effect of off-stoichiometry on the structural parameters, especially

the O-position parameter, all the compositions were examined using the high-resolution

neutron diffraction experiments at the neutron facility at Bhabha Atomic Research Cen-

ter (BARC), Mumbai. However, the data consisted of artifacts due to time lag in one of

the integrating detectors and hence could not yield reliable refinement (The refinement

plot in Fig A. 3 shows the descripency in the fitting) . Thus, in this chapter we will

compare the structural parameters extracted from the structural refinement of the long

scans (∼5 hrs) done on Bruker D8 powder x-ray diffractometer.

The Rietveld refinement plots for all the samples are shown in Fig A1-A2. The

Rietveld refinement revealed that the Yb:Sn ratio agrees well with the nominal stoi-

chiometry except for composition x = 0.1. For this sample, unreacted SnO2 peaks are

observed in the x-ray diffraction pattern, and the refinement of Yb:Sn ratio showed that

only 2% of Sn has occupied the Yb site. For rest of the samples, the lattice parameter
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Figure A.1: Rietveld refinement of powder x-ray diffraction data of Yb2−xSn2+xO7 samples
for x = 0.1. In this sample, due to the presence of SnO2 peaks, a multi-phase refinement was
carried out. Inset shows the fitting for a SnO2 (S) as well as pyrochlore(P) peak.

trend followed a nearly linear behaviour with Yb:Sn ratio as shown in Fig A.4. As the

ionic radius of Yb3+ ( 0.985 Å) is greater than Sn4+ (0.69 Å), stuffing Yb at the Sn site

should result in an increase in the lattice parameter [71], whereas Sn occupying the Yb

site would result in a smaller lattice parameter. However, in the case of x = 0.1, only a

marginal stuffing of Sn at the Yb site is expected to create Yb vacancies, which can, in

principle, result in an increase in the lattice parameter [69]. The lattice parameter of the

stoichiometric sample is in good agreement with the previous literature [69]. The O-

position parameter did not show any particular trend either with the Yb:Sn ratio or with

the lattice parameter. The refined structural parameters and goodness of fit parameters

are given in table 3.2.

A.1.2 Specific heat of Yb2−xSn2+xO7

The pyrochlore YSO is known to exhibit an anomaly in the specific heat data at its

ordering temperature of TC = 0.15 K. However, around 2 K, a broad hump is also
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Figure A.3: Rietveld refinement of neutron diffraction data of Yb1.96Sn2.04O7 sample. The
inset panels highlight two different angular ranges. It can be seen that at smaller angle (inset
a), the calculated profile is right shifted compared to the experimental data whereas at higher
angles (inset b), exactly opposite trend was observed. This issue was a consequence of time lag
while integrating the data from different detectors. The lattice parameters extracted by refining
this data could not be trusted as lattice parameter value depended on the angular range selcted
for the refinement.
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Figure A.4: Lattice parameters of Yb2−xSn2+xO7 samples plotted against x.
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Figure A.5: Left Panel: Heat capacity of Yb2−xSn2+xO7 for x = 0,−0.1, 0.1. Right panel:
Field dependence of heat capacity of Yb2Sn2O7

reported which is believed to be of magnetic origin, and a universal feature of the Yb-

pyrochlores [132]. This broad hump cannot originate from the Schottky anomaly as

the crystal field excitation energy for the Yb-pyrochlore is around 600 K. From our

measurement on stoichiometric YSO, we could observe the high-temperature tail of the

2 K anomaly. We observed that the molar specific heat showed marginal increment

for Yb excess sample followed by the stoichiometric and Yb-deficit sample. We also

measured the stoichiometric YSO composition in an applied magnetic field of B = 0,

10, 30 and 50 kOe. It was found that that with an increasing magnetic field, the 2 K

anomaly shifts to higher temperatures; and what was an upturn in the zero-field turned

into a well-defined peak centered around T = 5 K under an applied magnetic field of 50

kOe. This suggests a very high density of low energy magnetic excitations, consistent

with a dynamic spin-ice state [134].

A.2 Summary
In the study of stuffed stannates, we reported the structural details and specific heat data

for five YSO samples with stoichiometric composition as well as off-stoichiometry up

to 5% on Yb and Sn sites alternatively. We observed that, while Yb can be stuffed at the

Sn site, it is difficult to substitute Sn at the Yb site for concentrations higher than 2%.

The low-temperature specific heat shows marginal change with Yb/Sn ratio indicating

marginal if any, alteration of the ground state with off-stoichiometry. It would be inter-
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esting to study these compositions down to their transition temperature to observe the

changes if any.



Appendix B
Some additional measurements on the
(Eu1−xBix)2Ir2O7 series

In order to further probe the lattice anomaly observed in the series (Eu1−xBix)2Ir2O7 for

0 < x ≤ 0.035, we performed several additional measurements. The results from these

measurements are summarised in this appendix.

B.1 High-pressure x-ray diffraction measurements
In chapter 4, we had argued that the Weyl semi-metal (WSM) phase in Eu2Ir2O7 may

have some relation to the anomalous lattice contraction upon Bi doping. We performed

high pressure x-ray diffraction on few selected samples (for x = 0, 0.035, 0.1, 0.75) in

the series (Eu1−xBix)2Ir2O7. The aim was to observe the response of physical pressure

on the pure as well as Bi-doped compounds in order to delineate the effect of ionic size

on the lattice volume with regard to the electronic doping effect and the influence of

physical pressure on the lattice volume.

The measurements were carried at XPRESS beamline, Elettra synchrotron, Italy.

All the measurements were done by placing the sample powders in a diamond anvil cell

(DAC). A mixture of Ethanol and Methanol was used as a pressure transmitting medium.

Diffractograms were collected with the incident beam energy at 25 keV (λ = 0.4957 Å).

An image plate MAR 345 is used to collect the diffraction pattern. Conversion of 2D

pattern to 1D diffraction pattern was done using Fit2D software.

Fig. B.1-B.4 shows the evolution of the x-ray diffraction patterns with increasing

145
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pressure for x = 0, 0.035, 0.1, 0.75. For all the samples, the diffraction peaks shifted

to higher two-theta values with increasing pressure due to volume contraction. The

peaks also became broader with increasing pressure, a common effect observed due to

strain-broadening in high-pressure xrd.
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Figure B.1: Evolution of the x-ray diffraction pattern in the pressure range of 0-19 GPa for x =
0.

All the samples retained their cubic symmetry, as we observed neither new peak nor

any peak splitting till the highest applied pressure for all the samples. We extracted

the lattice parameters at different pressures by profile fitting the diffractograms in the

Fullprof software. Fig. B.5 shows the change in lattice volume relative to the volume at

ambient pressure for all the samples where it is evident that the volume reduces mono-

tonically as a function of pressure. For the compositions with higher Bi substitution, i.e,

x = 0.1 and 0.75, there is a distinct change in the slope of a vs P plot around 10 GPa.

However, no change in symmetry or peak splitting was observed in either of the two

samples around 10GPa. This feature can possibly originate from the pressure transmit-

ting medium reaching its hydrostatic limit near 10 GPa. The relative change in the vol-

ume changes differs marginally for different samples. For x = 0.035 and 0.1, a relatively

higher volume contraction when compared to the undoped or x = 0.75 composition.
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Figure B.2: Evolution of the x-ray diffraction pattern in the pressure range of 0-21 GPa for x =
0.035.

For the undoped and the x = 0.035 composition, the entire pressure range can be well

fit by the Birch-Murnaghan equation, that describes the relation between hydrostatic

pressure and volume contraction. The Birch-Murnaghan equation is given by:

P (V ) =
3B0

2

[(
V0

V

) 7
3

−
(
V0

V

) 5
3

]{
1 +

3

4
(B0

′ − 4)

[(
V0

V

) 2
3

− 1

]}
(B.1)

where P is the pressure, V0 is the lattice volume at ambient pressure, V is the de-

formed volume, B0 is the bulk modulus at ambient pressure, and B’0 is the derivative

of the bulk modulus with respect to pressure. The bulk modulus is obtained from fit-

ting to the experimental data which is shown in fig. B.6. The bulk modulus and its

derivative respectively were obtained as 156 GPa, 19 for x = 0 and 134 GPa, 23 for x

= 0.035. The value of the bulk modulus for x = 0 is in good agreement with the value

reported in the literature [62]. The increased value of the derivative of bulk modulus

for the x = 0.035 composition compared to the undoped sample indicates its reduced
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Figure B.3: Evolution of the x-ray diffraction pattern in the pressure range of 0-20 GPa for x =
0.1.

compressibility compared to the undoped sample.

In summary, we observed a regular lattice contraction under pressure for all the com-

positions, which suggests that the contraction upon Bi-doping is electronically driven

corroborating the WSM ground state.

B.2 Low temperature x-ray diffraction
The structural anomaly observed at low Bi concentrations in the series (Eu1−xBix)2Ir2O7

is also reflected in the physical properties such as resistivity and magnetization. The

main objective of our investigation was to study the changes in the structural parameters

as a function of temperature across the metal-insulator transition at 120 K for the series

of composition (Eu1−xBix)2Ir2O7 (x=0, 0.02, 0.1 and 1) using high-resolution x-ray

diffraction. For comparison we also investigated Eu2Sn2O7 and Sm2Ir2O7.

We carried out x-ray diffraction experiments using high-energy photons at the beam-

line P02.1, Petra III, DESY. The experiments were carried out by the beam scientists

Martin Cesnek and Jozef Bednarcik. The diffraction patterns were acquired in trans-

mission mode with the beam wavelength of λ = 0.020713 nm. The experiments were
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Figure B.4: Evolution of the x-ray diffraction pattern in the pressure range of 0-21 GPa for x =
0.75.

performed from room temperature down to 90 K at certain intervals.

The lattice parameters were extracted from the refinement of the low-temperature

xrd data using Fullprof suite. The lattice parameters contracted in a regular manner for

all the samples as can be seen from fig. B.7(a). Further, the lattice contraction of the

same magnitude as that at the room-temperature was observed at 90 K.

Fig. B.8 shows the [844] peak for different temperatures for all the compositions

studied here. Plotting the X-ray diffractograms as a function of temperature showed

that the peak profile is highly asymmetric for Eu/Sm2Ir2O7. Similarly, the 2% Bi substi-

tuted Eu2Ir2O7 composition also showed an increasingly asymmetric peak profile with

a lowering of temperature. The peak profile for Bi2Ir2O7 and Eu2Sn2O7, on the other

hand, was found to be symmetric. This confirmed that the peak asymmetry in Eu/Sm

is intrinsic to the samples. The peak asymmetry and FWHM were found to increase

gradually with the lowering of temperature before it saturated close to the transition

temperature. Also, this feature was found to be unique to the compositions with mag-

netic ordering and was not observed for samples where the ordering was suppressed or

was absent.
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Figure B.5: The change in volume ∆V with respect to ambient pressure lattice volume V0

plotted against the applied pressure for all the samples studied here.
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Figure B.6: Fitting of the Birch-Murnaghan equation to the lattice volume change plotted as a
function of pressure.

The peaks became increasingly symmetric with increasing Bi concentration. The

peaks exhibited symmetric nature when the metal-insulator transition was completely
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Figure B.7: (a) Evolution of lattice parameter with temperature for x = 0, 0.02, 0.1 and 1 in the
series (Eu1−xBix)2Ir2O7 (a0 denotes the lattice constant at room temperature). (b) Comparison
of lattice contraction at room temperature vs at 90 K.

suppressed at 10% Bi doping. However, we observed no anomalous shift in the x-ray

peak or appearance of any new peak ruling out any major change in symmetry. Instead,

our results hint at a subtle structural change that might be playing a role in the metal-

insulator transition which takes place in Eu/Sm2Ir2O7 around 120 K. Our observations

stand in contrast with an earlier report of low-temperature xrd study using lab-based

source on the pyrochlore iridates samples, where they failed to detect any change in

the FWHM with lowering of temperature [60]. Though no structural transition is re-

ported for pyrochlore iridates across the metal-insulator transition, a very recent po-

larised Raman-spectroscopy study [135] on Eu2Ir2O7 reported line-shape anomalies for

the Ir-O-Ir bending vibration at the magnetic transition temperature in addition to the

appearance of a new peak below the transition temperature. These observations indicate

strong electron-phonon and spin-phonon interactions, which are crucial for understand-

ing the phase behavior of the pyrochlore iridates.

B.3 Summary
We performed x-ray diffraction measurements on compositions from the (Eu1−xBix)2Ir2O7

series by i) applying external pressure and ii) by lowering the temperature below the

magnetic transition. We observed that the application of external pressure did not bring

any anomalous change in the lattice parameters. However, our low-temperature x-ray
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Figure B.8: 844 peak in the pyrochlore xrd pattern for different compositions showing the evo-
lution of FWHM with lowering of the temperature. The samples with magnetic transition (left
panel) show increase in the FWHM in addition to the peaks shifting to higher two theta values
with lowering of temperature; whereas only right-shift of the peak position with decreasing the
temperature can be observed for the non-magnetic samples (right panel).

diffraction experiments showed an increase in the FWHM with decreasing temperature

for compositions with long-range magnetic ordering. Our observations indicate a strong

electron-phonon coupling and underscore the importance of structural variations on the

physical properties in pyrochlore iridates.
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