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Abstract

This study aims to investigate materials belonging to the pyrochlore iridate family — a class of
materials with the formula Azlr.O7 (A — trivalent ion). These materials have been the focus of
a lot of research in Condensed Matter Physics because several factors such as electronic
correlations, crystal fields, a geometrically frustrated lattice and spin orbit coupling act on these
systems to give rise to novel behaviour. Exotic electronic ground states have been predicted
to arise in these compounds as a result of the above-mentioned interplay of interactions. One
of the most interesting feature displayed by these compounds is a coupled metal-to-insulator
and magnetic transition, which is not very well understood. Insight into the mechanism of this
transition could yield information about electronic behaviour in the presence of large spin-orbit
coupling. However, it is difficult to probe into the system directly through neutron scattering
because of the large neutron absorption cross section of Ir**. Hence other methods of studying

a system’s behaviour have to be resorted to.

In this study, perturbation by chemical doping has been used to study the behaviour of two
iridates Euzlr.O7 and Bi2lr,O7 by synthesising compounds having intermediate compositions,

and studying the physical properties of the resulting series.

Both the samples individually display very different behaviour despite having a similar
structure and non-magnetic ions on the A-site. Eu.lr.O7 displays a metal-insulator transition at
120K accompanied by a magnetic transition into a long range ordered phase. BiIr,O7, on the
other hand, is metallic down to very low temperatures and also doesn’t show any magnetic
ordering. This study aims to investigate the transition between the behaviours seen in these

two compounds belonging to the same family.

Compounds with 5, 10, 25, 50 and 75% Bismuth doping in Euzlr.O; and Bi.Ir,O7were prepared
by solid state synthesis. After performing structural and compositional characterisation, their
magnetic properties and electron transport properties were studied to observe how the
behaviour changed across the series. The observed behavioural trends have been described

in the thesis.
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Chapter 1
Introduction

Transition metal oxides (TMOs) are a widely-studied class of materials in Condensed Matter
Physics and Materials Science because of their interesting physical properties and variety of
potential applications. The phenomena that are of particular interest to condensed matter
physicists include high-temperature superconductivity, colossal magnetoresistance,
multiferroicity, spin dependent transport (spintronics), geometrical frustration and a variety of
magnetic ground states that the TMOs are known to exhibit. These properties primarily arise
due to the d-electrons associated with the transition metal ions [1] [2]. TMOs crystallise in a
wide range of structures. Among these, the pyrochlore family of TMOs represents a class of
compounds with chemical formula A2B.O-; where the cations A and B can be chosen from a
wide range of combinations. This class gets its name due to its structural similarity to the
mineral, pyrochlore NaCaNb>O¢F [1]. Here, we shall focus on the pyrochlores with the valence
combination +3, +4, i.e., A2**B,*'O7. Some of the widely studied examples of such pyrochlores
include rare-earth titanates (A;Ti.O7), zirconates (A.Zr0O7), molybdates (A:Mo0.07) and
iridates (AzIr2O7. In most cases, A is a rare-earth ion. It must, however, be pointed out here
that within these sub-families, the choice of the A ion is limited by the field-of-stability of the
pyrochlore structure, which is determined by the ratio of the ionic radii of the two cations: for
example, La»Zr,O7 has the pyrochlore structure but La,TiO7 does not, whereas Th,Ti,O7 has
the pyrochlore structure but Th,Zr,O7 crystallises with a defect-flourite structure. These points
are discussed in detail under the section ‘Structural Details’. We shall refer to a compound
with A;B>O7 as ‘magnetic pyrochlore’ if either of A or B or both are magnetic. For example,
Th,Ti.O7 is a magnetic pyrochlore where as Lu,Ti-O7 is a ‘non-magnetic’ pyrochlore, since
Th®* with 8 f-electrons has a non-zero magnetic moment in its ground state; while Lu®*, having
14-f electrons, does not have a permanent magnetic moment. Note that in both cases the Ti*

(d%ion) is ‘non-magnetic’. In Tb2Ir.O7, on the other hand, both A and B-sites are magnetic.

Magnetic pyrochlores exhibit the phenomenon of geometrical frustration. Briefly, geometrically
frustrated materials are characterised by an inability to stabilise in a unique magnetic ground
state because of an apparent incompatibility between the spin-spin interactions and the
underlying crystalline symmetry. In the pyrochlores, for example, A and B ions form
interpenetrating networks of corner-linked tetrahedrons which is one of the most frustrated
lattice geometry in three-dimensions. Magnetic Pyrochlores, therefore, display a wide range
of unconventional magnetic ground states that are attributed to their frustrated nature. These
include the spin-glass like magnetic ground state of Y>.Mo0,0O~, spin liquid ground state of

Th,Ti.O7 down to a temperature of 70 mK, spin ice ground state of Dy,Ti.O;, Ho,Ti»O7 and



Nd2Mo20y7, superconducting ground state of Cd;Re>0O-, anomalous Hall effect of Nd2Mo0,O~

and the heavy Fermion behavior of Pr.Ir,O7. (For a review, see [1])

A sub-family among the pyrochlores is that of Iridates, where the B-site in A2B20~ is occupied
by Iridium (Ir**). Pyrochlore iridates are considered promising candidates for the experimental
realisation of exotic phases of matter such as Spin Liquids, Topological Semimetals and Weyl
Semi-metals [3][4]. Their potential to host such phases comes from the competing energy
scales of spin-orbit coupling, crystal field effects and electronic correlations on a geometrically
frustrated lattice. These phases, if realised experimentally, could prove useful in the fields of
guantum computation and spintronics, revolutionising information storage and data
processing [3][5][6]. At the fundamental level, these materials are a great platform to study the
behaviour that emerges when usually weak interactions become strong enough to act on
comparable energy scales. While research in quantum condensed matter until very recently
focussed on understanding and exploiting the consequences of strong electronic correlations,
the iridates provide a rare opportunity of exploring the physics of materials where spin-orbit

interaction energy competes with that of the electron-electron interactions.

Because of these prospects, several experimental and theoretical studies have tried to
analyse the behaviour of pyrochlore iridates. Most of these studies were aimed at studying the
contribution of the Iridium 5d electrons to the magnetic and electrical properties of these
pyrochlores. In this regard, the pyrochlores with nhon-magnetic A-site ion, such as, Eu.lr,O,
Y.Ir,07 and Bi;Ir,O7 are important - they could provide useful insights into the physics of Ir**
electrons in their ensuing physical properties, since they show interesting magnetic behavior
arising solely from the Ir 5d electrons. In general, many iridate pyrochlores with A-site
substituted with different ions have been investigated. Popular candidates for the A-site
substitution are rare-earth ions (the series from Lanthanum to Lutetium, and Yttrium) since
these have stable ions in the 3+ oxidation state, and show a regular variation in their ionic

sizes because of lanthanide contraction [7].

The results of these studies imply that the A-site ions (independent of their magnetic moment)
also have some role to play in the ground state assumed by the pyrochlore Iridates. One of
the trends observed is that as the radius of the A-site ion increases, the ground state becomes
increasingly metallic [8]. For instance, Pr2lr.O7 shows a metallic resistivity down to the lowest
temperatures, whereas Th.Ir,O; along with other heavier rare-earths exhibit an insulator like
resistivity. The intermediate members, i.e., Nd, Sm and Eu show a metal — to — insulator
transition (MIT) near T = 36, 117 and 120 K, respectively. This is summarised in the phase

diagram in Fig. 1.1.
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Fig 1.1 The phase diagram of the pyrochlore iridates showing the
MIT across the series varying with unit cell parameter/A-site ionic

A more detailed summary of the variation of metallic behaviour with lattice parameter of the

iridates and radius of the A-site ionic radius is given in the following table:

Table 1.1: lonic radii of trivalent rare-earth ions in an eight-fold coordination and the lattice parameter of the corresponding
iridate pyrochlores are shown to emphasise the regular variation of the unit-cell parameter across the series. The last two
columns describe the nature of the ground state (metallic vs non-metallic and magnetically ordered vs no long-range spin
order). For Bi,Ir,07, the corresponding parameters are shown in the shaded row. Note that despite having largest ionic
radius, the unit cell of Bi,Ir,07 is smaller than that of the Pr and Nd pyrochlores.

A in A,Ir,0; A3 jonic radius Lattice parameter Tt or Ty (K) Sign of dp/dT
(A) (A)
Ho3* 1.015 10.183 - NEG*
Dy** 1.027 10.217 140 NEG
Th3* 1.040 10.222 135 NEG
Gd** 1.053 10.266 130 NEG
Eu® 1.066 10.290 120 NEG < Ty <
POS*
Sm3* 1.079 10.318 117 NEG < Ty < POS
Bi* 1.170 10.327 0.08* POS
Nd3* 1.109 10.383 39 NEG < Ty < POS
Pr3* 1.126 10.406 POS

+ Ref: [9] ; * NEG = Negative, POS = Positive; lonic radii from ref. [10]; Lattice parameter ref. [7]




The MIT mentioned above is found to be accompanied by a difference in magnetic behavior
under zero-field cooled (ZFC) and field cooled (FC) measurements, which marks the onset of
magnetic ordering upon cooling [1][8][11]. In Pr2lr.O, on the other hand, no magnetic ordering
or the aforementioned ZFC-FC splitting has been seen. Muon spin relaxation [12] and
theoretical calculations [2] have pointed to the existence of a state with long-range magnetic
ordering below the MIT. However, the origin and nature of the transition is still unclear and,
therefore, is the subject of numerous studies. For instance, if Ir** moments indeed undergo a
long-range ordering, what is the reason for the huge thermomagnetic irreversibility (ZFC — FC
splitting) observed in the absence of any magnetic hysteresis in the isothermal magnetisation?
The problem is further augmented by the fact that the large neutron absorption cross section
of Iridium makes it difficult to allow any definite conclusions about the presence or absence of
magnetic long-range ordering [13]. Thus, in order to probe into the magnetism and the MIT of
these materials, indirect methods need to be adopted such as perturbing the system using

chemical composition, applied pressure, etc. and studying its response.

This thesis aims to study the compound EuzIr,O;. Due to the electronic configuration of Eus*,
its total angular momentum quantum number (J) in the Hund’s derived ground state is 0 and
hence it should have no net magnetic moment. The compound displays an MIT at T ~ 120 K,
accompanied by ordering of the Ir* moments; the nature of ordering, however, is unknown as
mentioned earlier. The transition to the ordered state seems to be very robust since it remains

unaffected by applied magnetic fields as well as slight off-stoichiometry. [14]

We also investigated the pyrochlore Bi.lr.O7 where Bi** is non-magnetic. Relatively little work
has been done on this compound. However, since its lattice parameters are within the range
of the rare-earth iridates showing MIT, one would expect it to follow the trend and show a
similar MIT and magnetic transition. But surprisingly, the compound remains metallic down to
liquid Helium temperatures with no signs of magnetic ordering down to atleast T =2 K[15]. A
recent muon spin relaxation study [9] indicates two magnetic transitions below T = 2 K, while
another muon study done on the same compound [16] could not detect these transitions. One
more recent study on flux grown single crystals suggests strongly Stoner enhanced Pauli
paramagnetic ground state with a non-Fermi liquid resistivity behavior [17], a trait shown by
strongly correlated systems showing Heavy Fermion Behaviour [18]. Both these papers have
appeared very recently, clearly suggesting an increasing interest in understanding the

unconventional metallic ground state of this compound.

A comparison of the properties of the Eu and the Bi pyrochlore iridates may shed light on the
guestion of how the A site affects the properties of the iridates. Additionally, the MIT of Euzlr.O-

can possibly be understood if one systematically destroys it by doping Bi®* at the Eu®* site.
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This thesis consists of a study of physical properties of Euzlr.O7 and Bi.lr,O7, and also of a

series of compounds with intermediate compositions.

The rest of the thesis is organised as follows: we begin with an introduction to the pyrochlore
structure and theoretical concepts relevant to the study, including the various interactions that
drive the Iridates into behaving the way they do. Following this, the experimental techniques
that were used to characterise the materials are described. The next chapter covers the results
obtained, their analysis and discussion. The final part consists of conclusions drawn from the

study and follow-up questions.
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The Pyrochlore Structure

The Pyrochlore oxides get their name because of their structural similarity to the mineral called
Pyrochlore (NaCaNb2OsF). Since it allows a wide variety of substitution of ions on its site,
there exists a huge family of materials that crystallise with this structure. We restrict our focus
to members of the family with the structural formula A2**B2**O7, where A is a trivalent ion and

B is a tetravalent transition metal ion.

The pyrochlore structure can be described in many different ways [7]. One of these
descriptions, which is relevant to the problem addressed in the thesis, views the pyrochlore
lattice as composed of interpenetrating lattices formed by A and B sublattices. These
sublattices are composed of vertex-sharing tetrahedra of A and B ions as shown in Figure 2.
Each ion sits at the vertex of two tetrahedra, giving rise to a geometrical frustration, the details
of which are described later.

Fig 1.2 The pyrochlore structure seen as corner-sharing
tetrahedra of Ir-ions. The rare earth ions are in green [29].

Another way of looking at the structure is to visualise it as composed of two types of polyhedra
— The Aion is in 8-fold coordination i.e. surrounded by 8 oxygen ions, while the B ion is in 6-
fold coordination (surrounded by 6 oxygen ions). The simplest polyhedron for the case of an
ion in 8-fold coordination is a cube, while that for 6-fold coordination is an octahedron.
However, in pyrochlores, the conditions for existence of a perfect cubic and perfect octahedral
configuration cannot be satisfied simultaneously. One structural parameter — the oxygen

position parameter, x — determines the shape of the polyhedral around the A and B ions.

Theoretically, the limiting values for x are from 0.3125 to 0.375. For x = 0.3125, the B ion is
surrounded by a perfect octahedron, whereas the A ion is at the centre of a distorted
polyhedron. In this coordination state, the A-ion is surrounded by a crown shaped ring

comprising of six O atoms on the equatorial plane, and by two O atoms oriented along an axis

12



which is perpendicular to the plane of the crown. This is depicted in Figure 1.3. In some
magnetic pyrochlores, it is this asymmetry which gives rise to Ising-like spins along the axial

directions, giving rise to the spin-ice behaviour.

N
O@‘*@O
O

Fig 1.3 a. Coordination geometry of the A-site by O atoms [6]

Fig 1.3 b. The octahedral coordination at the B-site (B = Ir,here) and its surrounding octahedra[19]

As the parameter x moves closer to 0.375, the polyhedron surrounding the B-ions becomes a
distorted octahedron, while the polyhedron around A-ions starts to become more cubic. This
description of the pyrochlore structure in terms of the oxygen position parameter could prove
to be useful in the context of Iridates. A recent study of Iridates using X-Ray Absorption
Spectroscopy [20] found that compounds with Ir** in an octahedral crystal field environment
showed a high degree of spin-orbit coupling. Since the oxygen parameter can be correlated
with the crystal field environment around the Ir-ion, one can investigate if it can be linked to

the degree of spin-orbit coupling present in the Iridates as well.
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Magnetism and Interactions in the Iridates

Magnetism in Solids

Magnetism in solids is a collective phenomenon that emerges due to the magnetic moments
of individual atoms of the solid, which, in turn, arise due to the intrinsic magnetic moments of

individual electrons in the atoms.

For an atom, which has multiple electrons, the total magnetic moment depends on the states
occupied by the electrons. The electronic configuration having the minimum total energy is

obtained when one follows a set of empirical rules known as Hund’s Rules, which are:

1. Electrons should be arranged so as to maximise S. This prevents filling electrons with
parallel spins in the same shell, minimising Coulomb repulsion.

2. The next step is to maximise L. This is based on the premise that electrons orbiting in
the same direction can avoid each other more effectively, again lowering Coulomb
repulsion.

3. The value of J can be obtained using J = |L-S] if the shell is less than half full and J =
|[L+S] if the shell is more than half full.

It must be noted that while the first two rules hold true always, the third rule is based on the
assumption that the interaction between orbital and spin angular momenta, L and S, is weak
compared to the electrostatic interactions between the electrons. In cases like the 3d transition
metal compounds, this assumption fails because the interaction of the 3d electrons with their
environment is no longer negligible compared to the Coulomb effects of individual atoms. For
the rare-earth elements, however, their partially filled 4f-electrons are buried deep beneath
the 5s/5p electrons which provide a protective shell from the surrounding crystalline

environment. Thus, they obey the third Hund’s rule quite well.

Now that we have a way of filling the electronic shells, we see that electrons pair up and
occupy most of the shells completely, giving a net angular momentum of zero. Magnetism can

be found only in those atoms which have partially filled shells with unpaired electrons.

Paramagnetism: Assuming that these unpaired electrons stay localised on their respective
ion-cores, and that the magnetic moments on any arbitrarily chosen site do not interact with
the magnetic moments on any other site of the lattice, then in the absence of a magnetic field,
these moments point in random directions and there is no net magnetisation. Upon application
of an external field, these moments tend to align in the direction of the field to minimise their
magnetic potential energy. The extent of this alignment depends on the strength of the field
and the temperature of the sample. While the field tends to line-up the moments, the effect of

thermal energy is to randomise the orientations to maximise the entropy.

14



At any temperature T, the net magnetic moment per unit volume in the direction of the applied
magnetic field is called the magnetisation, M, of the sample at that temperature. The magnetic
susceptibility, x, is defined as x = M/H where H is the applied field strength. As is customary in
literature, we shall use the CGS system of units, where the magnetic induction (B) in the
sample is related to the applied field and the samples magnetisation using the relation: B =
4TM + H.

A statistical analysis of the energies and directions of the spins yields two important results

concerning the magnetisation and the magnetic susceptibility of the sample:

The variation of the magnetisation of a paramagnetic system with the total angular momentum

J, the applied field H, and temperature T, is given by the relation:

M = ng].UB]B](J’)
Where n is the number of magnetic atoms, g; is the Lande g-factor, a proportionality constant
between a particle’s angular momentum and its magnetic moment, us is the Bohr magneton,
which is a unit of expressing the magnetic moment of an atom (1 Ys=9.27 x 1024 J/T). By(y) is

the Brillouin function, which is a function of J, given by the expression:

_ 2]+1 (2]+1 )_ i (l) _ g]uB]H
By == coth(5ry) = geothly)) ¥ = T

In the limit of small fields, the susceptibility obtained from the above expression comes out to
be:

_ n#oﬂeffz
3kgT '’

where g is the permeability of the medium, per is the effective moment of the atom and kg is
the Boltzmann constant.

The inverse proportionality of the susceptibility to the temperature is known as the Curie Law.
Thus, paramagnetic susceptibility plotted against temperature would look like a rectangular
hyperbola, and the inverse of susceptibility plotted against temperature would yield a straight
line with the slope C. These equations are useful while analysing experimentally obtained

magnetic susceptibility data. [21]

When the interactions between the magnetic moments of a sample are non-zero, a long-range
ordered state is established below a characteristic temperature known as Curie or Neél
temperature depending on whether the interactions are ferromagnetic or antiferromagnetic. In
such cases, it can be shown that the Curie law still remains valid above the ordering
temperature, albeit with an important modification. The denominator in the original Curie law

is replaced by T - 8,. The modified law is known as the Curie-Weiss law:



Here, C is the Curie constant, which is a measure of the effective magnetic moment of the
sample, kebp (ks is the Boltzmann constant) is the measure of the strength of interactions

within the mean-field framework developed by Pierre-Ernest Weiss [6].

Thus, the presence of exchange interactions in a system is a necessity for attaining long range
order. But not all systems with exchange interactions settle into an ordered state. There is a
class of materials where an apparent incompatibility between the exchange interaction and
the geometry of the underlying crystalline lattice tends to suppress the magnetic ordering to
lower temperatures. This phenomenon is known as geometrical frustration, and will be

described in a later part of this chapter.

van Vleck Paramagnetism: For most atoms of the lanthanide series, the total angular
momentum states, or J levels corresponding to various energies lie very high above the
ground state, and electrons at ordinary temperatures are unable to populate them. Therefore,
the expression of the Curie-Weiss law discussed above works for the majority of them by
considering the Zeeman splitting of the lowest or the ground J-multiplet. However, in some
cases, such as Sm* and Eu®* ions, these excited states are not so much higher in energy
compared to the ground state. At room temperatures these states can still be populated and
contribute to the total magnetic moment. This contribution of the excited energy levels to the

magnetic moment is termed as van Vleck paramagnetism.

One of the compounds studied by us, Eu»Ir.O, has Eu in the +3 oxidation state. The electronic
configuration of Eu®" ([Xe] 4f°) leads to a total J = 0, so the ground state doesn’t contribute to
the magnetism. However, Eu®* still contributes to the magnetism of Eu.lr.O; through its non-

zero paramagnetism arising from the higher J-levels.

A statistically derived expression [22] which takes into account the various J multiplets due to
spin-orbit coupling and the occupation-probability these levels as a function of the system
temperature, gives the temperature dependence of the van Vleck susceptibility through the

following equation:

_N,uﬁA

Xvv Tz 31

where

2 -1 A 31 A 61
A= 4+ (135 1.5) kpT (67.5—— 1.5) RsT (189—— 1.5) RsT
( +< kT et kT e\ 0T .

1 -101 2 —1521 yi —2124
4052 — 1.5) RsT (742.5—— 1.5) RsT (1228.5—— 1.5) RsT
+< kT et + kT et + kT ¢

and
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Here, A is the spin-orbit coupling constant which removes the (2L + 1)(2S+1) degeneracy of
the ground state, and is a measure of the energy difference between the ground state and the
first excited state. The value of A in terms of temperature for Eu®* is different for different
crystalline environments, and has been estimated to lie in the range of 400 — 500 K by several
studies [14][23][24][25].

For a metal, there is also a magnetic contribution from the conduction electrons. This is
referred to as the Pauli paramagnetism, and is found to be a weak, temperature independent
susceptibility. This is because only those electrons close to the Fermi surface contribute to
Pauli paramagnetism in metals, whereas for Curie paramagnetism, every atom of the material

contributes. [21]

Geometrical Frustration

In very general terms, frustration arises when a system has competing or contradicting
constraints, which cannot all be satisfied simultaneously to find a unique ground state [6][21].
When frustration arises as a consequence of the geometry of the lattice of a spin system, it is
referred to as Geometrical Frustration. In the case of magnetic systems, the constraints are

derived from the exchange interactions in the system.

To consider a very simple case, we take the example of a triangular lattice with spins on each
vertex that interact antiferromagnetically. Suppose the spins are constrained to point either up
or down (i.e., they are Ising-like spins), then as shown in the figure, after two adjacent spins
are placed anti-parallel to each other, the third spin cannot simultaneously satisfy the criterion

for antiferromagnetic alignment with both its neighbors, resulting in a state of frustration.

Fig 1.4 Geometric frustration on a triangular lattice and its 3-D analogue, a tetrahedral lattice [6]

In a single triangular motif with spins constrained to point only up/down there are two
configurations of equal energy which can be attained. However, in a macroscopic lattice
comprising of a large number of such triangles, the number of degenerate ground states the
system can stabilise in also becomes macroscopic. If the frustration dominates downto T =0

K, the system will show a finite spin entropy known as the residual entropy.
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Magnetic materials in which magnetic moments lie on lattices of corner-sharing tetrahedra are
even more frustrated. These are candidate materials for which exotic magnetic ground states
can be expected [1]. The reason behind such a variety of complex spin structures and ground
states has to do with the fact that at low enough temperatures, weak interactions that would
not have been of any consequence in an unfrustrated system, begin to gain importance. One
example of a weak interaction is the dipole-dipole interaction. In Dy.Ti»O-, discussed below in
more detail, a spin-ice ground state is obtained as a direct consequence of these dipolar

interactions.

Despite the frustration at play, some systems do attain ‘compromise configurations’ which are
non-collinear, but minimise the overall energy [6]. One such configuration is attained when on
the triangular or tetrahedral motifs considered above, the spins are constrained to point
towards or away from the body centre of the motif (rather than up/down as considered above).
Such spins are locally Ising-like (i.e., the orientation of the Ising axis is different at different
vertices of a structural motif). For a triangular lattice, the minimum energy configuration is one
in which all three spins are aligned at 120° to each other (all pointing in or pointing out). For
the case of the tetrahedron, such a configuration involves all spins pointing at 109° to each
other. This is called an ‘all-in-all-out’ spin configuration, which is trivially degenerate (ground
state degeneracy being 2). This example serves to explain how important the local

anisotropies are in determining the ground state of a frustrated system.

a b

Fig 1.5 Compromise configurations for the triangular and tetrahedral lattices [6]

An interesting case of frustration on the pyrochlore lattice is shown by the pyrochlores
Dy.Ti,O; and Ho.Ti»O- - crystal field interactions constrain the moments on each site to point
either directly towards or away from the centres of the Dy/Ho tetrahedra [26][27]. The dipolar
interactions (ferromagnetic) between neighboring spins cause the system to assume a two-
in-two-out configuration, similar to the ordering of hydrogen atoms seen in water — ice. These

systems are therefore named ‘spin ices’.
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Water ice Spinice

Fig 1.6 Spin Ice and Water Ice[27]

It has been proposed that the flipping of moments in these compounds due to thermal
fluctuations can create effective separated magnetic monopoles [28].

There is also a possibility that a frustrated system might not be able to defy the generated
guantum fluctuations to attain an ordered state even at low temperatures. This quantum
disordered state is referred to as a spin liquid state, because the moments are constantly
fluctuating like the molecules of an actual liquid [1]. Again, members of the pyrochlore family
such as Th,Ti,O7 and probably Pr2Ir,O;[1] show such a phase.

Coming back to the context of the pyrochlore Iridates, most of them have been observed to
attain an ordered phase at low temperatures, but the exact nature of this phase remains
unclear. Muon spin relaxation results [12] have proposed that the ordered structure is most
likely an “all-in-all-out” type. If this is established unequivocally, it might have important
consequences regarding the ability of this state to support the proposed novel phases.
However, the physics of the iridates is further complicated by the presence of several

interactions, of which the dominant ones are described in the next section.

Interactions

Crystal Field Effects: In a crystalline solid, the crystal field around any ion on the lattice is
the electric field generated by the ions surrounding it. [21] This crystal field affects the energies
of the outermost orbitals of the atoms in ways that depend on its symmetry. The transition
metal ion at the B-site in the pyrochlore lattice is octahedrally coordinated by the oxygen ions.
Thus the crystal field due to the oxygen ions lifts the degeneracy of the five d-orbitals. In the
simplest case of a regular octahedral, the orbitals d...,» and d,» (see fig. 1.7 below for the
orientation of the coordinate axes) point towards the oxygen ions, which raises their
electrostatic energy compared to dyy, dy; and d.«. Therefore, in an octahedral crystal field the

d-orbitals are split into a doublet (group theoretic notation: ey) and a triplet (tzg).
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(3]

Fig 1.7 The octahedral crystal field environment around the B-site [21]

The magnitude of the splitting, A, relative to the energy required to pair up electrons in the
same orbital determines whether the system will assume a high spin state (more unpaired
electrons) or a low spin state (more paired up electrons). A high spin state would correspond
to a higher magnetic moment.

The rare earth ions are also surrounded by oxygen ions, but their partially filled orbitals, which
are the 4f orbitals, are buried deep beneath the protective shield provided by 5s?, 5p° electrons

and thus protected from the repulsive effects of the crystal field.

The effects of the crystal field increase as we go from 3d to 5d transition metal ions, since the

orbitals become more spread out and thus more ‘exposed’ to the crystal field.

Electronic Correlation: Electronic correlation comes into the picture when itinerant electrons
are present in a system. Due to the itinerancy of the electrons, the system should be
conducting and the electrons should be delocalised over the entire crystal. They can hop from
one site to another, provided that the final site is either empty, or occupied by a single electron
with an antiparallel spin (due to Pauli’s exclusion principle). But sometimes, the Coulomb
repulsion on the lattice sites is too high so that the energy cost of filling one site with two
electrons is enormous. Because of this, the movement of the electrons is no longer
independent of each other — whether an electron ‘hops’ to a site or not depends on whether
the site is already occupied. As the on-site Coulomb repulsion increases, the electrons
become more localised and less metallic. In some cases, the electron correlation can be so
high that the system acts like an insulator despite being predicted to be metallic by the band
theory of solids. Such an insulator also tends to be antiferromagnetically ordered, because if
an electron has a nearest neighbor with an antiparallel spin, it can briefly hop to the site
lowering the kinetic energy of the system. A material which shows such a behavior is called a
Mott Insulator. Examples of such insulators include transition metal oxides such as NiO, MnO,

FeO, CoO, and La,CuO, among others. When the on-site coulomb repulsion (U) is smaller
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than the electronic bandwidth (W) the system can show metallic behavior. When U is

comparable to W, metal-insulator transitions are observed. [21]

In a theoretical calculation of the energy of these electrons using the Hartree — Fock
approximation (which assumes the electrons to be moving in an average field created by the
other electrons), it is assumed that the motion of the electrons is independent of each other.
This is why the Hartree-Fock energies obtained for Mott insulators differ from the actual
energies by some amount. This difference is called correlation energy. For Mott insulators with
very high U, the correlation energy will tend to be larger, because the electrons have a larger
dependence on the presence of other electrons on a hopping site. The correlation energy in
some sense is a measure of the on-site Coulomb repulsion, U. Systems with high U are said
to be strongly correlated systems. Electronic correlation decreases as one goes from 3d to 5d
transition metal ions. This is because the 5d orbitals are much more diffuse compared to 3d

orbitals, allowing better overlap.

Spin-Orbit Coupling: Spin-orbit coupling, as the name suggests, is an interaction between
the spin of an electron and its orbital motion around the nucleus. This motion generates a
magnetic field that the spin interacts with electromagnetically. This alters the energy levels of
the electron. The spin-orbit interaction energy is proportional to Z*. For elements with lower
atomic numbers, this coupling is treated as a weak perturbation while obtaining the electronic
energy levels. In such calculations, it merely causes the levels to split, giving fine structure
levels corresponding to different J values. But for larger elements, such as Iridium, the spin-
orbit coupling is no longer small enough to be treated as a perturbation. Because of this effect,
the spin and orbital angular momentum of each electron are coupled separately first to give |-
values, and then the relatively weaker electrostatic effect acts to couple the j values from each
electron. [21]

The Case of the Iridates: For the Iridates, the three interactions described above act at
comparable energy scales. The electronic correlation is of the order of 0.5 — 3 eV, the crystal
field effects are about 1 — 5 eV, and the energy scale for spin-orbit coupling is 0.1 — 1 eV [20].
None of these can be treated as perturbations. The novel phases exhibited by so many of
these Iridates are the result of this interplay between interactions, and are an excellent
platform to study the same. The following phase diagram, adapted from [29] shows where

Iridates lie regarding the relative strengths of correlations and spin-orbit coupling.
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Fig 1.8 Phase diagram in terms of interaction strengths

The band theory of metals predicts that compounds containing the Ir** ion (valence shell
configuration: 5d°, J=5/2) should be metallic. However, this is not found to be the case. One
theory to explain its electronic state proposes that the Ir** ions are present in an effective J=1/2
state [30]. Because of the octahedral symmetry of the crystal field surrounding Ir ions, the d-
orbitals split, as described earlier, into higher energy e, orbitals, and lower energy t»g orbitals.
The crystal field splitting is quite large for the 5d Ir ion compared to the electron pairing energy,
and hence a low spin state is obtained where all 5 electrons occupy the txg orbitals. The strong
spin-orbit coupling further acts on these levels to split them into two fully filled Jex = 3/2 orbitals
and one half-filled Jeff = 1/2 state. The band formed by this Jerr = 1/2 state is rather narrow.
Even moderate correlations, like those present in Iridates, can open up a Mott gap, making
the material a Mott insulator [31]. It is for this state that the realisation of unusual properties

and phases have been predicted.
Summary

The pyrochlore Iridates are a family of compounds whose behaviour is governed by several
competing factors such as their structure, crystal field effects, electronic correlations and spin-
orbit coupling. The interaction of all these factors gives rise to a complex scenario out of which
several unconventional phases are predicted to emerge. These phases are relevant in the
context of a new understanding of quantum condensed matter as well as its applications in

the fields of quantum computation and spintronics.
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Chapter 2
Experimental Techniques

2.1 Sample Synthesis

All samples used in this study were prepared using the solid state synthesis procedure. This
is the simplest, most commonly used technique for the synthesis of polycrystalline solids,
wherein the reactants in powdered form are thoroughly mixed and heated at high
temperatures. The kinetic energy acquired by the reactant molecules due to the temperature
enables them to diffuse through each other, collide in the process and form the product. In
order for the reaction to happen, temperatures have to be very high, sometimes as high as
1000 — 1500°C. The surface areas of the reactants available for collision must also be large,
which is why it is preferable to have finely ground samples. The contact between the grains of

the reactant solids can be maximised by pressing them into pellets. [32]

Two series of samples were prepared according to the set of reactions:

X X
5 Bir0s + (1- E) Eu,05 + 2170, - Eu,_,Bi Ir,0,

X _
(1% E) Euy 05 + (2 F 2)Ir0; > Ettpylro7,0045 % = 0.02

The reactants used were Bi>Os (Sigma Aldrich, 99.9%), Eu,Os (Sigma Aldrich, 99.9%), IrO,
(Sigma Aldrich, 99.9%).

The first series was prepared with the aim of studying the effects of Bi substitution on the Eu
site, while the second one was prepared to study the effect of Eu-Ir disorder. The reactants
were taken in stoichiometric quantities so as to form 1 to 1.5 g of the product and were mixed
together thoroughly for 15-20 minutes using an agate mortar and pestle. They were placed for
sintering in alumina crucibles in a box furnace. The sintering temperature and duration
respectively were 790°C and 12 hours in the first step. Following this, the sintering
temperatures were increased gradually in steps of 10 — 20 °C to temperatures of 1000-1050°C,
depending on the compound as well as the weight loss in the previous sintering cycle. Grinding
of the reaction mixture was done before each sintering step. Since Iridium has a melting point
of 1100 °C and has a high vapour pressure in the sintering temperature range, it is necessary
to increase the sintering temperature in small steps. In general, the pyrochlore phase Alr,O~
forms with some difficulties and unless repeated grinding/sintering steps are carried out, some

of the IrO, and A>O3z remains unreacted.
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After 3-4 rounds of sintering, the powder samples were pressed into pellets of 13-mm diameter
in a KBr Press by applying pressures of nearly 10 tons and sintered further. Towards the end
of the sintering process, the samples were characterised using powder X-ray diffraction to
assess the purity of the obtained product to decide on the temperature for the succeeding

sintering step.
2.2 Sample Characterisation

2.2.1 X-Ray Diffraction

Powder X-Ray Diffraction is a very commonly used technique to analyse the structure of
crystalline materials. It is based on the principle of constructive interference of X-rays scattered
by a crystalline sample. The periodic arrays of atoms in a crystal can be visualised in the form
of atomic planes. If X-ray radiation is incident on them such that its wavelength is comparable
to the distance between these planes, then the crystalline structure behaves like a three-
dimensional diffraction grating. The diffracted X-rays then follow the following condition for

constructive interference;:
2dsing = nd

Where ‘n’ is the order of diffraction, ‘A’ is the wavelength of X-rays used, ‘d’ is the inter-planar

spacing and 6 is the angle of the incident x-ray beam with the plane of the sample.

X-rays are typically generated by accelerating high energy electrons from a cathode using a
high voltage generator. A commonly used anode is a copper target. As the electrons move
through the target, the repulsion by the target electrons causes them to decelerate quickly,
and release energy in the X-ray region of the electromagnetic spectrum. When the source
electrons have enough energy to dislodge electrons from the inner shell of the target atom,
then electrons from higher orbitals fill the empty shells, emitting a spectrum characteristic to
the target atom in the process. The most intense components of the characteristic spectrum
are the Ky and Kg components, which represent a transition of electrons of the second (L) shell
and third (M) shell respectively, to the innermost (K) shell. The emitted spectrum is filtered by
monochromators to give a single wavelength which can be used for powder X-ray diffraction.

For the Cu target, this radiation has a wavelength of 1.5405 A.

The X-ray beam is focussed onto the sample. The angle of incidence is varied continuously to
obtain the intensity as a function of the angle, which is recorded electronically. Whenever the
incident X-rays satisfies the Bragg Law for constructive interference, the intensity peaks. Each
intensity peak corresponds to a Bragg plane. Since crystals with different symmetries have

different characteristic Bragg planes, this method can be used to differentiate between crystal
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structures, and also to characterise crystals with unknown structures. The angular positions
of a peak can also be correlated to the inter-planar spacing of the corresponding Bragg plane.
This information can be used to obtain the lattice parameter of the unit cell of the crystal being

observed.

In order for the X-rays to ‘access’ all the crystal planes, the sample must be aligned in the
direction of each of the planes. A simpler way to obtain reflected x-ray for each set of planes
is to use a powdered form of the crystal such that there are many crystalline planes oriented
in all possible directions, and each one is available for diffraction. To attain this condition, the
sample must be finely ground so that there is no preferred orientation in the crystal.

Powder X-ray Diffraction for this study was carried out using a Bruker D8 Advance Powder X-
Ray Diffractometer in the 8-6 geometry. The prepared samples were ground into a fine powder
and then mounted on a glass slide using a thin layer of oil as an adhesive. This sample thus
prepared was placed in the diffractometer. The glass slide as well as the oil are amorphous

and hence don’t contribute to the XRD spectrum.

The patterns obtained were compared to the standard patterns recorded in a database from

the International Centre for Diffraction Data (ICDD).

To complement the structural data obtained by X-Ray diffraction about the phases present in
the compound, information about the composition can be obtained through Scanning Electron

Microscopy and Energy Dispersive X-ray Spectroscopy.

2.2.2 Scanning Electron Microscopy and Energy Dispersive X-

Ray Spectroscopy

Scanning electron miscroscopy (SEM) and Energy Dispersive X-Ray Spectroscopy (EDS) are
used to study the morphology and composition of a sample, respectively. For both
measurements, a focused beam of electrons is positioned on the sample of interest; the
electrons from the beam interact with the sample in various ways, leading to emission of a
variety of electrons and/or photons. These emissions are then detected via a detector to

generate an image or a composition map of the sample.
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Fig 2.1 Signals emerging from electron beam-sample interaction [33]

The signals used to characterise the samples are briefly described below:

An electron beam passing near an atom in the sample may impart some energy to the
electrons in a sample, thereby ionising it. Electrons ejected thus are called secondary
electrons. Since they have relatively low energies, only secondary electrons generated near
the surface of the sample can reach the detector. Thus these electrons give information about
the topology of the sample.
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Fig 2.2 Contrast in the secondary electron signal due to surface topology [33]

Another kind of signal is obtained when electrons of the sample atoms occupy the levels which
were left empty by the secondary electrons. These transitions are accompanied by the
emission of X-ray photons whose energy is equal to the difference in the energies of the two
levels. Since the energy levels of the electrons are characteristic of the atoms, the
wavelengths of the emitted X-ray photons are characteristic wavelengths as well. This
spectrum of X-rays gives an indication of the chemical composition of the sample. Since X-
rays have high energies, and are not charged, they don’t face any hindrance from the sample
atoms so even signals from deep inside the sample can be detected.

The electron beam has to be accelerated by an excitation voltage and focused using

electrostatic lenses. The excitation voltage of the electron beam depends on the kind of signal
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that we want to receive. For imaging the surface, i.e. to obtain secondary or back-scattered
electrons, lower voltages are better; surface details can be enhanced better if the electron

energies are low enough for the beam to be restricted to the surface.

EDS is typically carried out at 15-20 keV, but the most optimum value of the excitation voltage
depends on the atoms present in the sample. While higher excitation voltages might seem to
imply better penetration and hence more data from the interior of the sample, a caveat that
must be kept in mind is that if incident electrons penetrate to a very large extent, the emergent
beam is more likely to be absorbed before reaching the detector. Thus the intensity received
is lesser and may introduce errors while doing quantitative analysis. The spatial resolution can
also be affected by using an excessive over voltage. An empirical rule to select the excitation
voltage (in kV) is that it should be at least twice the energy (in keV) for the highest excitation
line to get sufficient intensity, and at most 10-20 times the energy of the line of interest of the

lowest energy.

Another thing to be kept in mind while performing EDS on a sample is that the EDS detectors
are not very accurate in the detection of elements with lighter nuclei, such as oxygen. While
obtaining compositional information about the elements in a material, only the relative ratios
of heavier atoms can be considered as reliable, since the poor detection of oxygen leads to
incorrect estimation of absolute values.

Scanning electron micrographs and energy dispersive X-ray spectra were taken for the
synthesised samples using a Zeiss Ultra Plus Scanning Electron Microscope. The accuracy
of composition determination is around 1-2%. Flat sections from the sintered pellets were dry
cut using a low-speed saw and placed on double sided carbon tape, which was then mounted
onto SEM stubs. For each sample, multiple points and areas on the surface were selected
randomly and surface morphology and elemental composition were recorded. EDS spectra

were taken at 20, 25 and 27 kV and the results were compared.
2.3 Measurement of Physical Properties

The magnetic and transport properties of the prepared samples were studied. Most of these
measurements were performed using the Physical Property Measurement System Evercool-
Il by Quantum Design. Resistivity measurements down to 80 K were also performed on a few

samples using a home-built set-up.
2.3.1 The Physical Property Measurement System

The Physical Property Measurement System is an apparatus that can measure a variety of

magnetic, electric and thermal properties in the temperature range of 2 — 400 K and in
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magnetic fields of up to £9 Tesla. The PPMS consists of a super-insulated Dewar that
encloses a sample chamber which is surrounded by liquid Helium. Various measurement
probes are also provided onto which samples can be loaded and lowered into the sample
chamber. In this chamber, which is sealed from the external environment, temperatures and

magnetic fields can be varied according to the experimental requirements.

PPMS Probe 2.5cm
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temperature.

Fig 2.3 The sample chamber of the PPMS [34]

The temperature of the sample chamber is controlled by the means of a heater present at the
base of the sample chamber and by flowing helium vapour in the cooling annulus (as shown
in the figure 2.3). The magnetic fields are controlled using a superconducting coil immersed
in liquid Helium, which can generate fields up to 9 Tesla. All user commands such as sequence
of measurement, rate of temperature variation and so on are relayed to the instrument by an
interface called PPMS MultiVu.

2.3.2 Transport Property Measurements

Electrical resistivity was measured as a function of temperature for the prepared samples. For
measurements in the PPMS as well as in the home-built setup, the four probe method of
resistivity was employed. In the home-built resistivity set-up, KEITHLEY model no.6221
(current source) and 2182A (Nanovoltmeter) were used. The temperature was measured

using a platinum resistance thermometer.

Four Probe Method: The four probe method is a technique used for accurate measurements

of a sample’s resistivity.

Typically, for electrical transport measurements an electric current is passed through the
samples and the voltage drop across them is measured. This gives the value of the sample

resistance. The resistance of the sample is dependent on the geometry of the sample,
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whereas the resistivity is a characteristic property of a material. The resistivity of a sample, p,

can be obtained from the measured values of resistance by the following equation:

Where R is the resistance, A is the cross-sectional area perpendicular to the direction of
current flow and | is the length across which the voltage drop is measured i.e. the distance
between the two voltage-sensing terminals; | is the current passed through the sample and V

is the measured voltage drop across the terminals.

One way of doing this, known as the two-probe method, is passing a known constant current
across the sample and measuring the voltage drop created across the terminals which are
passing the current. The main disadvantage of this method is that the measured resistance
has a contribution form the contact resistance of the measuring leads as well. To eliminate
this, the voltage and current terminals can be separated so that there are four terminals on
the sample. The voltage terminals are placed in between the current terminals so as to exclude
the voltage drop due to the contact resistance of the current terminals. Since a voltmeter has
a very high resistance (typically in the order of MQ) and negligible current passes through it,
the voltage drop due to the contact resistance of the voltage terminals is also low. This leads

to measurement of a more accurate value of resistivity.
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Fig 2.4 Four Probe Method for Resistivity Measurement (Source: Documentation for PPMS AC

Transport Option, Materials Research Laboratory, UCSB)

Resistivity measurements were performed in the PPMS between 2-300K, while those on the
home built setup were performed from 77K (boiling temperature of liquid nitrogen) to 300K.

While temperature control in the PPMS can be dictated through the PPMS MultiVu software,
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in the home built set-up, the sample is lowered down and raised up a liquid nitrogen Dewar in

a controlled manner using a stepper motor assembly.

The sample was attached to the sample holder via GE Varnish, which is thermally conducting
but electrically insulating and thus prevents shorting of the sample with the base plate of the
holder. A layer of thin cigarette paper was also glued using GE varnish in between the sample
and the base in order to further lower the chances of electrical shorting. Contacts were made
by placing one end of each of four copper wires, which were soldered onto the sample holder
on their other end, on the sample surface and connecting it to the sample using PELCO®
Colloidal Silver paste. The contacts were allowed to cure overnight at room temperature or for
1 -2 hours in a dry box (~ 60 °C) before starting the measurement.

Resistivity was also measured for a few samples using two different probes provided with the
PPMS apart from the DC resistivity probe. These were the Thermal Transport Option and the
AC Transport option. The AC Transport sample holder is similar to that of the DC resistivity
holder. The Thermal Transport Measurement setup can be used to measure thermal
conductivity, thermopower and electrical resistivity. Four copper wire-contacts are attached to
the rectangular sample using silver paste and then three of them are screwed into gold-coated
shoes which serve as thermometers and a heater, while one goes into the heat sink.
Samples mounted onto the dc resistivity sample holder and the thermal transport option

sample holder are shown in the following figure:

eater
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Fig 2.5 Sample pellets mounted onto sample

holders of a. DC Resistivity setup and b.

Thermal Transport Option
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Since the samples were conducting, excitation currents of around 5 mA were used. The
dimensions of the samples (area of cross-section and length between voltage probes) were
measured before loading them on the instruments to obtain resistivity from the measured

resistance values.

Among the main sources of error is incorrect measurement of sample dimensions. A sample
is likely to have a non-uniform cross-sectional area unless cut very carefully. This possibility
can be taken care of by using a crystal-cutting low speed saw to cut samples in a regular
cuboidal shape. Internal micro-cracks in the samples can also give rise to step-like features in
the resistivity besides augmenting the uncertainty of the measured value. Another source of
error is the measurement of the distance between the voltage probes. This is because the
electrical contacts made with the silver paint are not point contacts, but are spread out over a
finite area. This error can be minimised by taking an average over the distance between the
outer ends of the two silver spots and the inner ones. Despite all such precautions, the typical

error in these measurements can be estimated as at least 20% of the measured value.
2.3.3 Magnetic Property Measurements

Magnetisation is measured as a function of temperature under a fixed applied field, and as a
function of applied magnetic field for a given temperature. Most of the measurements were
carried out using a Vibrating Sample Magnetometer (VSM) probe associated with the PPMS.
The principle of operation is based on Faraday’s Law of Induction, which states that when the
magnetic flux inside a conducting circuit changes, an emf is produced which is proportional to

the time rate of change of the flux.

If a sample with a non-zero magnetic moment is vibrated inside a coil of conducting wire, then
for a fixed frequency, the voltage induced in the coil will be proportional to the magnitude of
the sample’s magnetic moment. The PPMS VSM uses this principle for the magnetisation
measurements. To nullify the signal that may arise due to the changing external magnetic
field, a highly sensitive gradiometer pickup coil is used. The sample is located at the vertical
centre of this coil and is oscillated sinusoidally at a frequency of 40 Hz. The amplitude of
oscillation can be varied from 1-3 mm. The emf induced in the pickup coils is amplified and
then measured using the lock-in technique. The measured voltage is calibrated in the

electromagnetic (emu) units.
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M vs. T measurements: These measurements seek to study how the magnetisation of a

sample varies with temperature at a constant magnetic field.

The measurement sequence typically involves cooling the sample from room temperature
down to T = 2 K under zero applied field initially (zero-field cooling or ZFC), measuring the
magnetisation at a constant field while warming up to room temperature, cooling it again down
to 2 K, under the same applied field (Field Cooling or FC), and then measuring the moment
under the same field up to room temperature. Transitions to ordered phases show up in the
form of anomalies in the magnetisation versus temperature plot. For example, simple Neel
type antiferromagnetic ordering manifests itself in the form of a cusp; at a ferromagnetic
ordering transition, the magnetisation shows a step like increase. On the other hand, a spin-
glass transition typically shows a cusp in the ZFC magnetisation but under the FC scan the
magnetisation either remains constant or increases gradually below the cusp temperature
giving rise to significant thermomagnetic irreversibility. In general, ZFC-FC splitting may arise
for many other reasons; for instance superparamagnets exhibit this property when cooled
below their so-called blocking temperature. In some ferromagnets the splitting may appear

due to domain wall motion.

M vs. H measurements: These measurements are done keeping the temperature constant
and varying the magnetic field. These measurements can indicate whether a material is
paramagnetic (in which case a plot of moment M versus field H shows a Brillouin function
dependence discussed in the first chapter of this thesis) or orders magnetically. Ferromagnets
below their characteristic Curie-temperature are easier to identify as they show hysteresis
behavior when measured over all four quadrants. Antiferromagnets in their ordered state
exhibit a linear M(H). In some exceptional cases, field induced transitions (spin-flip or spin-

flop) can also be observed under moderate applied magnetic fields.

The VSM attachment provides two ways of mounting samples — one of these is for powder
samples. A non-magnetic capsule is filled with the required amount of sample and placed in a
brass holder. This is attached to a sample rod which lowers the sample down to the centre of
the pickup coils. The other method is used for mounting small flat sections cut from
polycrystalline pellets or single crystals. In this method, the sample is glued using GE varnish
to a quartz sample holder and secured with non-magnetic Kapton tape. For samples with
intrinsically weaker magnetic moment the quartz mounting option is preferred as it provides a

smaller background signal.

Our measurements were performed on pellets. Pellets were preferred over powder because

they are compact and do not allow oxygen to be trapped within the samples — thus for samples
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with low moment, the problem of a weak spurious anomaly associated with the paramagnetic

to antiferromagnetic transition of oxygen at 43 K can be eliminated to a great extent.[35]

Fig 2.6 One of the sample pellets glued to the quartz sample holder for VSM measurements

M-T measurements were performed in ZFC and FC mode on all the samples under a field of
1 kOe, while M-H measurements were performed between -80 kOe to + 80 kOe. The
temperatures were selected according to the behavior of the samples. Thus, while for most
samples, M-H measurements were done at 2K and 300K; for Euzlr,O7, the measurements
were taken at 2, 10, 122, 125 and 300K.

To obtain information on whether the compound shows spin-glass behaviour, AC susceptibility
was measured over a small temperature range around the transition temperature at several

frequencies of the AC field.
2.3.4 Heat Capacity

In the PPMS, heat capacity is measured by controlling the heat provided to the sample and
measuring the corresponding change in temperature. The sample is mounted on a platform
using a thin layer of Apiezon N grease, which keeps it in a good thermal contact with the

platform. The heater and thermometer are integrated directly on the sample platform.

At the beginning of each experiment, addenda measurement is done with a layer of freshly
put Apiezon N grease on the sample platform. This is the measurement of the heat capacity
of the sample holder and the grease. The sample (typically 3-4 mm x 3-4 mm in cross-section
and 1 mm thickness) is then mounted with the same grease (no grease is added or removed
during sample mounting) and measured. The sample heat capacity is obtained by subtracting
the addenda heat capacity from the total measured heat capacity. High vacuum is pre-
requisite for these measurements so that unaccounted heat losses via conduction can be
minimised. In this thesis, specific heat was measured from 2-200K for Euzlr.O;. Specific heat

measurements were also done in the presence of a magnetic field.
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Chapter 3
Results and Discussion

3.1 Structural Characterisation

The samples prepared during the course of this work were thoroughly characterised using
powder x-ray diffraction and Scanning electron microscopy. We first present our results of the
powder x-ray diffraction. Fig 3.1 shows the XRD Data of Eu:lr.O7 analysed using the Rietveld
Refinement method, which confirms the formation of the compound in a single pyrochlore
phase (cubic with Fd3m symmetry).
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Fig 3.1 The Rietveld refined XRD pattern for Euzlr207
Fig. 3.2 shows the powder x-ray diffraction (PXRD) pattern of the samples Eu:lr;O,
Eu2.021r1.0807 and Euieslr20207. All three samples crystallise with the pyrochlore structure. In
particular, all the diffraction peaks could be indexed based on the Fd3m space group indicating
that secondary phases, if present, are beyond the detection limit of the PXRD technique. In
the inset of Fig. 3.2, an exaggerated view of the data is shown in the neighborhood of the peak
440. This is done to emphasise that 2 % Eu-Ir off-stoichiometry neither changes the position
nor the line shape of the diffraction peaks, which also means that the lattice parameter ‘a’

shows no measurable change within the resolution limit of our PXRD.
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Fig 3.2 Normalised XRD Spectra of Euz:xIrzsxO7:s (X = 0, 0.02). Inset: an exaggerated view of the
440 diffraction peak for the three compositions (vertical grid is guide to the eye)
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Fig 3.3 (a) Normalised XRD Spectra of the Bi-Eu series of compounds, (b) The 622 peak

position in the XRD spectrum as a function of Bi composition.

Fig. 3.3 a shows the PXRD of the series of samples Eu.Bixlr.O7 for x =0, 0.1, 0.2,0.5,1, 1.5
and Bizlr.O7. The PXRDs show the formation of the pyrochlore phase. It was found that the
synthesis required multiple sintering/grinding cycles to get the desired phase without
impurities. In particular, we observed that the closer the composition was to Bi-Ir.O7, the easier
it became to obtain the compound in a single-phase. While Bi»Ir,O- formed at a temperature
of 875 °C, the other samples all required temperatures of above 1000 °C to form. Minor
diffraction peaks corresponding to some unreacted IrO, were also observed for some of the
samples. These are not discernible in the Fig. 3.3 because their relative intensities are very
small. From the ratio of the intensities we estimate the quantity of unreacted IrO; to be around

1 % or less, which is further corroborated by the SEM studies reported in the next section.

In Fig, 3.3b, an exaggerated view of the 622 diffraction peak is shown to emphasise the
variation of the lattice parameter and the diffraction line shape upon gradual replacement of
Eu by Bi. Since the ionic radius of Bi®* is larger than that of Eu®", we expect the lattice
parameter to increase with increasing x. The lattice parameters were calculated using the
software UnitCell [36]. Fig. 3.4 shows the obtained lattice parameters plotted against the
percentage of Bismuth. The numerical values of the lattice parameters for various x values

are presented in table 3.1.

36



- ' ' o ' b Lattice
E 1032L o~ ]| Compound | Parameter
S s A

w g 1

2 7 ] Euzlr207 10.289
< 2 1

= 1031F A3 . 5% Bi 10.289
) ./"; 1

GEJ : ,.'F"{/ 10% Bi 10.290
S 1030 A . 25% Bi 10.294
L A o )

.8 _,I:I/ ] 50% Bi 10.304
E 1029+ goB” . 75% Bi 10.310

Bi2lr2O7 10.320
0 20 40 60 80 100
% of Bi
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roughly the size of the data point (i.e., 0.002 A). The red line is
a guide to the eye.

The lattice parameters show a linear decrease as expected on going from Bizlr.O7 to Euzlr2Os.
However, close to the Eu end, the lattice parameters do not show an appreciable change for
10 and 5 % Bi-doped samples. A similar behavior has previously been observed for the
analogous series Y2.xBixIr.07 [37]. In another analogous solid solution series between the end
member pyrochlores Gd.Zr.O; and Nd»Zr,O7, however, the lattice parameter shows the
expected linear variation [38].

The ambiguity observed in our study may not appear as striking if one notes that the lattice
parameter of Bi2lr,07 (10.327 A) is smaller than that of Pr.lr,O7 (10.406 A) despite the fact that
the ionic radius of Bi** (1.170 A) is greater than that of Pr3* (1.126 A).

Bi2Ir.O; doesn’t follow the linear variation of the lattice parameter with ionic radius of the rare-
earth iridate series (see Fig. 3.5). To verify this observation in the series synthesised here, the
average A-site ionic radii were plotted against the experimentally obtained lattice parameters.
They were found to follow a linear relationship (shown using red circles), but it did not fit in
with the one followed by the rare-earth series as shown in Fig. 3.5 (shown using black

squares).
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The lattice parameter obtained in each intermediate composition (and BizIr.O7) was lower than
what would be expected for a rare-earth ion corresponding to the same ionic radius. This
seems to imply that Bi®* in the pyrochlore iridates does not behave like trivalent rare-earth
ions. This is also supported by ref. [39] where it is noted that the lattice parameters of the
metallic pyrochlores Bi.M>O7 (where M = Ru, Rh and Ir) are smaller than the values expected
by extrapolating from the corresponding rare-earth pyrochlores of Ru, Rh and Ir. On the other
hand, the lattice parameter of the insulating pyrochlores Bi.Sn,0O- fall in line with that of the
corresponding rare-earth pyrochlores (see, for example, Fig. 2 in ref. [39]). It has been
proposed that this observed anomalous lattice parameter variation of the metallic Bi
pyrochlores could arise as a result of mixing between Bi 6s and the 4/5d orbitals of the

transition metals leading to a reduction of the lone pair character of the Bi 6s electrons.

It should be observed that the peak shape for Eulr.O; appears to be broadened and
asymmetric as compared to that of the other compounds in the Bi-Eu series. Upon moving
towards BixIr,O7, the peaks gets sharper and more symmetric. This could be due to the

microstructure of the samples, as will be discussed in the next section.
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3.2 Microstructure and Composition

Some representative SEM images obtained for all the synthesised samples in the Bi-Eu

series are shown in Figure 3.5.

00 nm EHT= 300Kk  SignalA=lnlens  Date :18 Mar 2015
WD=30mm  Mag= 34.04KX Time 1048:33 T

200 nrn EHT=300kv  SignalA=Inlens  Date :18Mar 2015
WD = 3.0mm Mag= 54.82KX  Time :10:51:18 NSERPUT

EHT = 300 kv Signal A=InLens  Date 18 Mar 2015

Paaney 200 0m EMT= 300K/  Signal A=Inlens  Date:18 Mar2015
— WD=23mm  Mag=5379KX  Time:12152 nsERFONE

WD=23mm  Mag= 2492KX  Time:11:21:18 nSERTONE

100 am EHT= 3.00kv  Signal A=Inlens  Date :18 Mar 2015
— WD=23mm  Mag= 6858KX  Time :10:25:00 usERFoNE

P 2000m EHT= 300k/  SignalA=Inlens  Date 8 Mar 2015
H WD=24mm  Mag=2200KX Time:10:2162

USERFUNE

39




2108 wM Bt etsO  2nsinl =Alsnp2 Wi 00.E =THI
O0EN T emiT X AQLAIH=pshl mmB.S = aw

P
200 nm EHT= 300kv  Signal A=InLens  Date 18 Mar 2015
— WD= 2Bmm  Mag= 4848KX  Time:11:12.03 SERPONE

200 nm —
ZEINY : Pk 100 m EHT= 300kv  Signal A=Inlens  Date 18 Mar 2015
WD = 28mm Mag= 3623 KX  TimeA1:03:51 usempone [ —

WD = 2.9 mm Mag=11854 KX  Time :11:07:03

USERPUNE

3
o~

300K/  SignalA=inlens  Date:18 Mar 2015

— WD=26mm  Mag= 988KX  Time 105723 usERPIE

EHT= 300k  SignalA=inlens  Date:18 Mar 2015
WD=26mm  Mag= 4279KX  Time:10:57:59

Py 200 m EHT= 300k  Sighal A=Inlens  Date 18 Mar 2015
WD= 30mm  Mag= 2441 KX  Time :10:4124

prRN  200nm EHT= 300K/  Signal A=Inlens  Date 18 Mar 2015 m
WD=30mm  Meg= S160KX  Time 104440 esRro

HSERPUNE

Fig 3.6 The figures A-G represent SEM images of the synthesised samples. Al, A2: Eulr2O7; B1,
B2: 5% Bi; C1, C2: 10% Bi; D1, D2: 25% Bi; E1, E2: 50% Bi; F1, F2: 75% Bi; and G1, G2: Bizlr207,

respectively. The inset in Fig. B1 shows the presence of IrO: rods in the 5% Bi composition
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From the SEM images in Fig. 3.6, it can be seen that the grain size shows a large variation in
any given sample. However, upon moving from Eu;lr.O; towards Bi.Ir.O7, the structure of
these grains seems to become more well-defined. In particular, in the 75% Bi sample and in
the sample Bi:lr,O7, the grains have a truncated octahedral shape similar to that shown by
single crystals grown using the high temperature flux growth method [40]. The dimensions of
some of these single crystalline grains were found to be as large as roughly 500 nanometers
for the triangular faces of the octahedra. This trend of obtaining well-formed crystals for higher
Bi-concentrations probably reflects the ease of compound formation with increasing Bi
content. One possible explanation could be that since the reactant Bi.O3z has a low melting
point (~820 °C) its mobility could be very high at temperatures close to the melting point,
leading to better diffusion through the reaction mixture during the sintering process carried out

close to this temperature.

This trend could probably be correlated to the observations we made on the data obtained
using XRD. Since the polycrystals closer in composition to Bizlr.O7 have a more well-defined
microstructure, it could be the reason behind them exhibiting relatively sharper and well-
defined diffraction peaks. The lack of a well-defined microstructure in Euzlr,O7 polycrystals

could be the reason behind its asymmetric peaks.

All the samples seem to have formed uniformly, as can be seen from the lack of any phase
contrast and the absence of morphologically different grains in the images that would suggest
a secondary phase. However, the composition containing 5% Bi showed rod-like structures in
some of its SEM images, as shown in the inset of Fig. 3.6 b. Using EDS, the composition of
these rods was found to be that of IrO, which couldn’t be very clearly detected in the powder
XRD data. In the other samples, no such rod-shaped microcrystals were detected in the areas

scanned.

To find out if the samples were formed in the correct stoichiometry, and to detect any impurity
phases that could be present, Energy Dispersive X-Ray Spectroscopy (EDS) data was
recorded. EDS spectra give information about the atomic percentages of the elements present
in an area or point, based on the intensity of characteristic X-Rays received from it. The
absolute values of these percentages are not reliable, because they are calculated including
the signal from lighter elements like oxygen, which are very low in energy to be detected
accurately. However, the relative ratio of the heavier elements can be taken to judge the
stoichiometry of these elements in the sample. From the obtained atomic percentages, the
ratio of Bi : Eu and that of (Bi+Eu) : Ir (i.e. A site : B site) were calculated for multiple scanning

sites and then averaged over.
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Before we furnish the results of our EDS experiments, it is worth mentioning here that the
experimental value of the Bi : Eu ratio can be inaccurate if the experiments are not performed
under the optimal operating voltage. To illustrate this point, we consider the case of the
Eulr,O7 sample, which was probed using three different excitation voltages: 20 kV, 25 kV and
27 kV. The values of atomic percentages of the constituent atoms differed considerably for

the three voltages. The ratios obtained for Eu : Ir are summarised in the table 3.2:

Expected Eu : Ir Ratio 20 kv 25 kv 27 kv

1 1.011 1.712 1.748

Table 3.2 Relative atomic percentages of Eu:lr obtained using different EDS excitation voltages

The Eu : Ir ratios obtained for excitation voltages of 25 and 27 kV were nearly 2:1. Considering
the argument discussed in Chapter 2 regarding how excessive voltages can lead to over-
penetration and absorption of the X-Ray signal, the empirical rules discussed there can be
used to obtain the optimal excitation voltage. Out of the elements present, the highest energy
line, which is the Ir La line —has an energy of 9.174 eV and the lowest energy line is the Ir Ma
line corresponding to an energy of 1.978 eV [41]. Thus, the most reliable values should be

given by the 20 kV excitation voltage, which is actually the case for our data.

Thus 20 kV was used as the excitation voltage to analyse the rest of the samples. The obtained

values are summarised in the table 3.3 given below.

Compound Bi:Eu (Bi+Eu):Ir
Expected | Observed | Expected | Observed

Euzlr.O7 - - 1 1.151
Bio.1EU1.0Ir207 0.05 0.057 1 0.962
Bio.2Eu1 81207 0.11 0.130 1 0.904
Bio.sEu1slr207 0.33 0.257 1 1.051
BiEulr,O7 1 0.856 1 1.062
Bi1sEuoslr207 3 2.965 1 1.015
Bi2lr,O7 - - 1 0.922

Table 3.2 Relative atomic percentages obtained using EDS

Considering the 1-2% instrumental error, the ratios obtained for all the samples are in good
agreement with the values expected. This analysis confirms that the samples synthesised by

us are stoichiometric without the presence of any parasitic phase.
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3.3 Magnetic Measurements

The magnetic susceptibility as a function of temperature for all members of the Bi-Eu series is
plotted in Figure 3.7. The dotted line represents the van Vleck contribution of Eu®* for a A value
of 400 K.
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Fig 3.7 The magnetic susceptibility of the series plotted as a function of temperature

The Euzlr,0; sample shows the highest magnetic susceptibility of all the compounds in the
series. For this sample, at 120 K, there is a separation between the zero-field cooled (ZFC)
and the field cooled (FC) susceptibility. The ZFC curve shows a peak at 120 K, suggestive of
an antiferromagnetic transition, whereas the FC curve shows a ferromagnet-like rise below
this temperature, though the susceptibility is much lower than a typical ferromagnet. The ZFC-
FC splitting below 120 K as well as the values of the susceptibility of our sample are

comparable to those reported in the references [8] and [42] for the polycrystalline samples.

Such a splitting was initially interpreted as a spin-glass like freezing of the Ir moments.
However, zero field uSR experiments done in the study [11] confirm the long-range ordering
of the Ir moments below the ZFC-FC splitting temperature. This weakens the case for a spin-
glass-like ground state. From the muon precession frequency (14 MHz), the size of the
ordered Ir* moment is estimated to be around 0.3 ps. Therefore, the origin of the observed
thermomagnetic irreversibility even for a uniformly ordered state is not well understood.

However, a recent study [43] of an analogous pyrochlore iridate, Y.Ir.O7 has suggested a
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possible reason for a similar thermomagnetic irreversibility. The authors observed through
XPS studies that some amount of Ir** was found to be present in Y2lr.O;, probably due to a
small off-stoichiometry of the sample. The double exchange between the Ir** and Ir** was said
to give rise to a weak ferromagnetism. This was confirmed by Ca?* doping (i.e. hole doping,
which led to the creation of more Ir°*), which led to an increase in the ferromagnetic component
of the susceptibility. The ZFC-FC split was attributed to the inhomogeneity created by pockets
of non-magnetic Ir°* ions surrounded by Ir** ions. However, it is mentioned by them that pSR
measurements of the compound do not show any signature of the proposed weak
ferromagnetic phase, which indicates that a very small fraction of this phase is present. Such
a case could be present in EuzIrO7 as well, and hole doping in the same could yield interesting
results.

To check whether the ZFC-FC split obtained in Eu2lr,O7 corresponds to a spin-glass transition,
we also measured the AC susceptibility around the transition temperature. One of the
characteristics of a spin glass ground state is that the freezing temperature decreases with
increasing values of applied frequency of the AC magnetic field. For Euzlr,O-, the plot of ¥’
near the transition temperature range for different values of applied frequency is given in
Figure 3.8.

| I T ! =11 |
n.mﬁzw { m E*I*IHI}: .
: 1 e 1111 Hz| 1
0.0160 pyw & % 3511 Hz|
Lo, . A 7511 Hz| |

0.0158

0.0156

0.0154

¥ (emu/mol)

0.0152

0.0150

00148 b b oo L L
110 115 120 125 130

Temperature (K)

Fig 3.8 The variation of the transition temperature as a function of frequency of AC field
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The peak position does not appear to be shifted over nearly a decade of applied frequencies.
However, the magnitude of x’ seems to vary marginally with the applied frequency. We cannot
say with certainty whether this is an intrinsic feature of the sample or an instrumental artefact.
(For some of the frequencies (not shown) the magnitude of x’ did not follow the decreasing
trend shown in the figure, which raises further concerns over the absolute values of ¥’
measured here. However, the error associated with the temperature measurements are not
expected to be more than 50 mK). We plan to do a more elaborate study on the AC
susceptibility over a larger temperature range in the future. However, since the peak position

remains unchanged over different frequencies, the case for the existence of a spin glass phase
is further weakened.

More evidence of the existence of a long-range order comes from the specific heat data for

Eu.lr,O7 measured by us. The specific heat measured for Euzlr,O7 from 2-200 K is shown in
Fig. 3.9.
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Fig 3.9 Specific heat of EuzIr20O7

As can be seen from Fig. 3.9, the specific heat shows a kink near 120 K indicating that the
transition that was observed in the magnetic susceptibilities is a bulk transition. The specific
heat curve does not show any sign of saturation in the measurement range, implying that the
Debye temperature must be higher than 200K. Measurements were also done under different

values of applied magnetic field. The results are shown in Fig. 3.10.
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Fig 3.10 Specific heat near the transition temperature measured for different values of applied field

From the Figure 3.10, it is evident that applied magnetic fields do not affect the transition
temperature, indicating a very robust nature of the magnetically ordered ground state. We tried
to obtain the Debye temperature and the electronic contribution to the specific heat using the
equation: C/T =y + BT?, where B is the phononic contribution to the specific heat and y is the

electronic contribution. These are given by:

__12n*Nkg

b= 573
o TNk
V= 3 (Ep)kp = 2E;

Here, N is the number of atoms/ions present in the formula unit, Kz is the Boltzmann constant,

To is the Debye temperature, and D(Eg) is the electronic density of states at the Fermi level.

Thus, the density of states in a metal can be estimated from the low-temperature specific heat
by determining the value of y. Typically for non-magnetic metals (e.g., copper), the density of

states and hence the associated y values are usually small (in the range of 0.5-3 mJ/mol-K?2).

The slope of the plot of C/T versus T2 at low temperatures gives the value of 8, from which the
Debye temperature, Tp, can be obtained.
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Fig 3.11 Plot of C/T versus T2 to obtain the Debye temperature

From the values of slope and intercept summarised in the inset of Figure 3.11, we get a
Debye temperature of 330 K and a y-value of 9.3 mJ/mol.K? both of which are comparable to

the values reported in previous literature (for instance, see [44]).

The y value of Eu.lr,0;, compared to that of metals like Copper (0.69 mJ/mol.K?) [45] and
Aluminium (1.35 mJ/mol.K?)[46], is considerably high. The value of vy is typically enhanced for
materials with strong electronic correlations. For example in heavy fermions the gamma value
can be as high as 100 — 1000 times that for copper. The obtained value of y in Euzlr.O7 implies
the presence of moderately strong electronic correlations, which is in agreement with the

theoretically predicted trend (see, for example, figure 1.8).

The obtained Debye temperature was used to calculate the phononic specific heat using the

Debye Model of lattice specific heat:

Tp

T
3 X4€x

T
C = N X 9N,K; (—) — _dx

T eX — 1)2

b/ J ( )

Here N = 11, since there are 11 atoms per molecule of Eualr,Oy.

The curve that we calculated using these values matched the experimental curve well up to

around 30 K, but thereafter, the calculated values showed an increasing departure from the
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experimental data. This could be because we considered the coefficient of the T2 term in the
specific heat expression to be the entirely due to the phononic contribution. However, the
magnonic contribution to the specific heat for antiferromagnetic systems also goes as T2 [47]
and thus the B term is a sum of the phononic and magnonic contributions. Thus we
underestimated the Debye temperature (since it is inversely proportional to the cube root of
the coefficient B) by some amount, which could have led to the curve saturating at the Dulong-
Petit limit of 25 J/mol.K at 200 K itself, unlike the measured data, where saturation is not seen
up to 200 K (which is the highest measurement temperature in our experiments). However,

this gives us a lower bound for the Debye temperature.

We attempted to extract the magnetic specific heat (i.e. specific heat associated with long-
range ordering of the 5d electrons of Ir**) from the experimental data. The measured specific
heat can be expressed as an algebraic sum of contributions due to: the electrons, the Schottky
contribution due to the first excited level of Eu®", the phonons, and the magnetic ordering

associated with the 5d electrons of Ir.

The electronic specific heat over the entire temperature range can be obtained from the y

value that we had gotten from the linear fitting done previously.

The Schottky contribution to specific heat arises when there are multiple discrete energy levels
in the system. When the thermal energy provided by external heating is comparable to the
energy gap between the levels, there is a large change in entropy for a small change in
temperature and the specific heat depends more sensitively on temperature, showing up as a
peak. At much lower temperatures, the thermal excitation is not sufficient to overcome the
gap, whereas at much higher temperatures, all the levels are populated evenly — thus in both
cases, the entropy of the system doesn’t change much with temperature. In our system, there
is a Schottky contribution due to the first excited state of Eu3*. This was estimated taking the

first excited state to be at an energy difference of 410 K.

Figure 3.12 c shows the temperature dependence of the electronic and Schottky contributions
up to 200 K.

Considering the phononic contribution from the lattice next, it cannot be directly estimated
since the T2 term in C = aT + BT? also contains the magnonic contribution, as mentioned
earlier. Along with this, the phonon dispersion for Euzlr.O7 is also not known. Thus a lattice
template should be used to estimate the phononic contribution. A lattice template is essentially
a compound with an identical lattice structure, but without any magnetic ions so that it gives
only the phononic contribution. For our purpose, the pyrochlore La,Zr,O7 was chosen as the
lattice template. In figure 3.12 b, the specific heat of La,Zr.07 is compared with that of EulIr,O».

Far above the ordering temperature, where only the phononic contribution is most dominant,
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the specific heat of La»Zr.0~ is slightly smaller than that of Eu,lr.O;. This can be attributed to
the difference in the molecular weights of the two compounds (LaxZr.O- being lighter than
Eu:lr,O7). This difference can be accounted for if we normalise the specific heat of La,Zr,O~
by multiplying it by a factor of 1.03, which is chosen so that the specific heats of both samples

are comparable far above the ordering temperature.

As expected, both the electronic and Schottky contributions are very small compared to the
phononic contribution at high temperatures. After subtracting all these contributions from the
experimental data, the magnetic specific heat is obtained, which is shown in figure 3.12 d. The
magnetic specific heat Cmag exhibits a lambda shaped anomaly at T = 120 K, which was
expected from the long-range ordering of the 5d Ir spins. The entropy associated with the

magnetic ordering is estimated by using the formula:

200 c
Smag = f "}“9 dT
T=0

Upon integrating, the entropy recovered saturates to a value of RIn2 near T=120 K, which
suggests a long range ordering of the J = % moments (corresponding to an effective moment
of 1.73 us) of Ir** without any moment reduction - this is in slight disagreement with the uSR
studies where, though long range order is seen, the estimated size of the ordered moment is
considerably lower (0.3 us) [11]. This difference cannot be attributed to the choice of LaxZr.0O-
as a lattice template. Though it is not an ideal choice due to the large difference in its molecular
weight compared to Eu:lr.Ov, it nevertheless supports the possibility of long range order of the

Ir sublattice and also the fact that the ordered Ir moment is appreciably large.
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Fig 3.12 Analysis of contribution of electrons, phonons, magnons and the Schottky contribution of
Eus* to the specific heat of Euzlr207

Since 330 K is an underestimate of the Debye temperature, we tried to estimate the actual
value of the same. This was done by subtracting the electronic and Schottky contributions
from the experimentally obtained specific heat, and then comparing this to the phononic
specific heat calculated using various trial Debye temperatures. By this procedure, a Debye
temperature of roughly 560 K was obtained. While this is much higher than the values obtained
by our previous estimation as well as those from other references mentioned previously, the
latter calculations have not mentioned the magnetic specific heat or the Schottky contribution
of the Eu ions. This value of Debye temperature compares well with that of titanate
pyrochlores, which is of the order of 500 K [48].

When we attempted calculate the magnetic entropy, we saw that it saturated to a value much
higher than RIn2. This was because of the large difference in the values of phononic specific
heat obtained using the Debye temperature of 560 K and those obtained using La»Zr,O; as a
lattice template. However, it must be considered here that while using the Debye model, we
assumed the pyrochlore molecule to be made up of 11 identical atoms, which is not actually
the case. Since the lattice template is isostructural to our compound, the phonon spectrum of
our compound is expected to be similar to that of La,Zr,O-, and hence we can conclude that

the calculations done using the lattice template are more reliable than those using the Debye
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model with Tp = 560 K. Such a usage of a lattice template is commonly done for the

pyrochlores as can be seen in the references [49][50][51]

Having discussed the magnetic ground state of the parent compound, Eu2Ir.O-, using results
of three different measurement techniques, we now return to the magnetic behaviour of the
rest of the series. Here, we see that the susceptibility decreases monotonically as the Bi-
content increases. The difference in the ZFC and FC curves is not observed for compositions
containing 10% or more Bi. The susceptibility for 5% Bi shows a ZFC-FC splitting at around
60 K. However, this splitting is not as pronounced as for Euzlr2O7, which probably indicates
that the magnetic ordering has weakened due to Bi-doping. This is further substantiated by
the fact that this transition is completely suppressed (down to 2K) in samples with higher Bi

concentration.

At the other end of the series, Bi2lr,O7 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 the presence of even trace amounts of magnetic impurities
present in the starting precursors. This low temperature rise has also been observed in several
other studies and is commonly referred to as the impurity driven Curie tail [15][17]. The
magnitude of susceptibility for our sample at various temperatures compares well with those

obtained in the reference [15].

At this point, it must be mentioned that similar studies of the effect of Bi-substitution on a
pyrochlore iridate with a non-magnetic A-site, Y2Ir.O;, have been done recently [52][37][16].
Even for this case, the ZFC-FC splitting is gradually suppressed with progressively higher
concentrations of Bi added to the sample. From the data provided in reference [37], this
splitting seems to completely disappear for the composition containing 80 % Bi. In the case of
Eu2lr,0O7, the addition of Bi suppresses the transition much more rapidly as opposed to the
case of Y2Ir,07. In Eu2lro0O7, 10 % Bi doping is enough to completely suppress the magnetic
transition, whereas it takes 80 % of Bi content to do the same inY2lr.O7. At this point, the

reason behind this is not well understood.

The magnetic behaviour across the Bi-Eu series gives further proof of the fact that changing
the average A-site radius through Bi®* substitution in Eulr,O7, and even Y2Ir,0-, is different
from changing only the radius of the A-site ion across the rare-earth series. In the latter case,
the metal-insulator transition and magnetic transition is found to move to lower temperatures
as the series progresses from A =Y (smallest ionic radius) to A = Pr (largest ionic radius) [8].
In the Bi-doped series, however, the ionic radius is not the only factor that is changing. As

hinted in the observations regarding the lattice parameters, the 5d-6s overlap between the Bi
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and Ir ions affect the magnetic transition as well. This is further corroborated by the electrical

transport property measurements discussed in the next section.

We attempt to compare the transition temperatures corresponding to average ionic radii of our
synthesised series with the rare-earth series [8] and with the Y..,Bixlr.O7 series [16] in Table
3.5 and Figure 3.13
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Compound Average A-site lonic Radius (A) Transition Temperature (K)
Ho2Ir207 1.015 141
Y2lr207 1.019 162.5
Dyalr207 1.027 134

Bio.2Y13slr207 1.034 149
Thalr207 1.04 132

Bio.4aY16lr207 1.049 142.5
Gd2Ir207 1.053 127
Euzlr207 1.066 120

5% Bi 1.071 60
10% Bi 1.076 -
Smalr207 1.079 117
25% Bi 1.092 -
Nd2Ir207 1.109 33
50% Bi 1.118 -
Pralr207 1.126 -
75% Bi 1.144 -
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Bi2lr207 1.17 ‘ -

Table 3.5 lonic radii for A-site and magnetic transition temperature for the Azlr.07 (A-rare-earth ion)

series and the Bi-Eu series

From the above comparison, it is evident that Bi doping at the Eu (or Y) site doesn’t simply
affect the magnetic ground state via the A-site radius, even though Bi®* is isovalent with the
rare earth ions it is substituting. This situation can be contrasted with the effect of carrier
doping on magnetism in the pyrochlore iridates. Carrier doping was attempted in NdIr,O~ in
the reference [53]. In the undoped Nd:Ir.O; samples, the ground state itself is sensitively
dependent on details of sample preparation. Therefore the effect of carrier-doping in NdzIr.O-
is not very clear. On the other hand, in the case of Ca?* doping in Y2Ir.O-, it was found that on
adding holes, the transition shifts to higher temperatures [43]. Thus, the effect of hole-doping
in iridates is different from that of Bi** doping, which tends to suppress the magnetic transition.

It would be interesting to see the results of electronic-doping in the pyrochlore iridates.

Another feature in the M-T measurements for all samples except Bi:lr.Ov is that the magnetic
susceptibility shows a temperature-dependence very similar to that obeyed by the van Vleck
susceptibility (see figure 3.6). Since Eu®" is present in all samples except Bizlr.O7, we tried to
subtract the van Vleck susceptibility due to the corresponding amount of Eu®* (taking A = 400
K) for each sample. The resultant curves are shown in Fig 3.14.
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Fig 3.14 Susceptibility obtained after removing the van Vleck contribution of Eu3* for each

sample

53



It can be seen that after removing the van Vleck contribution from Eu2lr.O7, the susceptibility
above 120 K becomes nearly temperature independent. The same can be inferred for the
other samples, i.e., their susceptibilities after subtracting the van Vleck contribution exhibit a
nearly temperature-independent behavior. The weak temperature dependence that still
remains after subtraction (not very noticeable on the scale of the plot) can easily arise from
an error in estimating the van Vleck contribution, and in particular, the value of A. This is
because while the energy difference between the levels is calculated using the theory of spin-
orbit coupling, the splitting of levels is not a simple case of S-O coupling induced splitting. The

crystal field present influences the energy levels as well.

These nearly temperature-independent susceptibility values are summarised in table 3.6
below. Thus, it can be concluded that in the paramagnetic range all samples exhibit Pauli
paramagnetic behaviour with somewhat enhanced values of the Pauli susceptibility which
indicates the presence of moderately strong electronic correlations: a conclusion
independently arrived at from the specific heat data discussed before. It should be noted here
that after subtracting the contribution of Eu®*, the curves still don’t fall on each other, but are
dc-shifted. This seems to suggest that the Pauli paramagnetism decreases with increasing Bi-

content.

Compound Xp (10 emu/mol-Oe)

Euzlr207 3.72

5% Bi 2.40

10% Bi 2.36

25% Bi 1.71

50% Bi 1.19

75% Bi 0.70

Bi2lr207 0.38

Table 3.6 Pauli paramagnetic susceptibility values for the Bi-Eu series of compounds

The curves were also analysed by normalising the susceptibility with the Europium-content.

This yields a plot as shown in Figure 3.15.
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Fig 3.15 The magnetic susceptibility of the series normalised by the Eu-content

Upon normalising the susceptibilities by the Eu content in the samples (Figure 3.15), it is
observed that the intermediate compositions show overlapping susceptibilities. Normalising
the susceptibility by the Eu content essentially means that we divide the molar susceptibility
by the number of moles of Europium present per mole of the sample. This quantity would be
same for two samples with different Eu concentration only in the absence of any other
contribution to the susceptibility, or in the case that the other contributions are much smaller
than that of Eu®'. For this case, we see that all the intermediate compositions nearly overlap
on each other and lie between the two ends of the series. This must imply that the Pauli
paramagnetism in the Bi-containing samples is not only very small compared to the van Vleck
paramagnetism, but also smaller than that in Eu»lr,O- (since the curve for Euzlr,O7 is not
overlapping with the others). It could be possible that the presence of Bi is decreasing the
electronic density of states, resulting in a lowered Pauli susceptibility. It would be interesting

to measure the specific heat of these samples and see if the y value reflects a similar trend.

The M versus H measurements yield the following plots at 300K:
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Fig 3.16 a. Residual magnetisation (Mexpt — Meu) versus H at 300 K fitted to straight lines b. Bizlr.O7 and
75% Bi showing non-linear residual magnetisation curves at 300 K

At 300 K, the M-H behaviour of all the samples except the 75% Bi sample and Bilr.O7 is a

straight line with no visible hysteresis, indicating a paramagnetic behaviour. As for the 75% Bi

sample and BiIr.O7, though there is no hysteresis loop, the curves are not exactly linear.

There is observed to be some kind of inflection of the magnetisation curve at zero field. Though

the reason for this is not known, the non-linear M-H curve has been reported in the reference

[15] as well.

The molar magnetic moment is seen to decrease with increasing Bismuth content. On fitting

straight lines to the molar magnetic moment after subtracting the van Vleck susceptibility, the

slope (which would yield the Pauli paramagnetic susceptibility) was compared to the Pauli

paramagnetic susceptibility values obtained from the M-T plots in Fig 3.14. The comparison is
summarised in the table below:

Pauli paramagnetic susceptibility, xo (emu/mol)
Compound M-T curve M-H curve
Eu.lr.0O7 0.00344 0.00369
5% Bi 0.00225 0.00239
10% Bi 0.00224 0.00228
25% Bi 0.00238 -
50% Bi 0.000964 0.001168
75% Bi 0.000548 0.000711
BizIr,O 0.000251 0.000364

Table 3.7 Comparison of Pauli paramagnetic susceptibility values from M-H and M-T measurements

for the Bi-Eu series of compounds
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The values are comparable in both cases, except for the sample with 25% Bi, for which M-H

measurements were not made.

At 2K, none of the compounds showed saturation of the magnetisation up to the highest
applied fields or magnetic hysteresis. Even at 2 K the 75% Bi sample and Bi.Ir,O7; show a non-
linear dependence of the moment on the applied field, which is plotted in Fig 3.17 b. Assuming
that this non-linearity is arising due to a trace amount of paramagnetic impurity in the sample,
(as assumed for explaining the low temperature rise in the magnetic susceptibility) we tried
fitting the M versus H data at 2 K to a Brillouin function, which did not yield a satisfactory fit. In
reference [17], where studies were carried out on single crystalline samples, a similar
behaviour is reported. The authors in this report argued (based on other complementary
measurements) that BizIr,Oy7 is close to a magnetic instability. This non-linearity becomes less
and less evident as the compaosition goes towards Euzlr,Os.
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Fig 3.17 a. M-H curves of some of the samples at 2K b. Bi2lr.O7 and 75% Bi showing non-linear M-

H curves at 2 K
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3.4 Electrical Transport Measurements

The electrical resistivity data of some of our samples are summarised in the figure 3.18.
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Fig 3.18 The resistivities of some of the samples plotted against temperature

For the parent compound, Eulr.O7, Upon cooling below the room temperature the resistivity
increases slowly, exhibits a kink near T=120 K (see inset of Fig 3.18 a) marking the onset of
the long range magnetic ordering of the Ir** sublattice. Below 120 K, the resistivity shows a
pronounced increase. This behaviour is often characterised as a transition from a metal-like
resistivity in the paramagnetic state to an insulating behaviour in the ordered state. The
resistivity behaviour observed by us is in qualitative agreement with that reported in reference
[8]. Qualitative comparison of our data with the data in this reference shows that while the
magnitude of resistivity matches near room temperatures, the rise for the resistivity in

reference [8] at low temperatures is nearly three orders of magnitude more than our sample.

Considering the slope of the resistivity dp/dT for our sample, we observe that this slope is
negative throughout the temperature range, but its magnitude increases significantly at 120
K. Comparing this with another case of resistivity measurement on single crystals [14], dp/dT
is found to be a small negative for temperatures higher than 120 K and positive below it. In
some other works, ([8],[54]. The report in ref [50] is on single-crystalline samples.) the sign of
dp/dT is reported to be negative both above and below the transition temperature, in

agreement with our work. The above comparisons suggest that there is a sample dependence
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of the electrical transport properties for this compound. Nonetheless, there is an overall
agreement on one point — that there is a significant change in the resistivity behaviour at T =
120 K. The reason for this sample dependence is not well understood. In order to address this
guestion, we investigated an off-stoichiometric sample to see if its properties reflected such a
sample dependence. We observed that the off-stoichiometric sample (Euz.021r1.0s06.99) sShowed
a positive slope at higher temperatures, unlike the nominally stoichiometric sample. Thus the
sample dependence visible in the various studies could be arising from different
stoichiometries of the compound. This needs to be looked into in greater detail. Another
possible reason for different samples showing such a difference in the resistivity behaviour
could be due to the realisation of a topological insulating state in them, as predicted from
theoretical calculations. Since such a state is conducting on the surface but insulating in its
bulk, its electrical transport properties could vary with variation in the surface structure of these
compounds, which depends on details of sample preparation such as pressing them into
pellets at different pressures, for different durations and so on. This hypothesis could be
investigated by studying the properties of samples prepared by a controlled synthesis under

different preparation conditions.

Interestingly, with just 5% of Bi-doping in Euzlr.O7, a very significant change in the behaviour
is observed. Upon cooling the sample, the resistivity decreases steeply (dp/dT > 0). At around
60 K, the slope of the resistivity gradually changes its sign and upon further cooling, the
resistivity increases with decreasing temperatures. At 300 K, the magnitude of the resistivity
of the 5 % Bi doped sample is an order of magnitude smaller than that of the undoped EualIr,O,
and this difference becomes even more pronounced at lower temperatures. This change of
the resistivity behaviour from Euzlr,O; to the 5 % Bi doped sample is possibly related to the
change of the electronic band structure due to the 5d-6s overlap, which was previously alluded

to in the context of lattice parameter variation and magnetic behaviour.

For the 10% Bi sample, the kind of upturn seen in the 5% Bi sample is not seen. However, the
resistivity curve flattens below 60 K. The 25% sample shows a resistivity which decreases with
decreasing temperature. There is a slight flattening of the curve below roughly 20 K, and then
a rise below 6 K. Both the 50 and 75% Bi curves (not shown in Fig 3.18) also show a slight
upturn of the resistivity below 15 K, but a metallic behaviour above 15 K. The resistivity of

Bi2Ir.O7 shows no such flattening or upturns.

The resistivity normalised by the resistivity at 300 K (p/p(300K)) is plotted in the following

figure.
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Fig 3.19 The normalised resistivities plotted against temperature

With increasing bismuth concentration, the absolute values of resistivity also decrease, which
is as expected, since Bizlr,07 shows a completely metallic behaviour as opposed to Eulr,O,
which shows an M-I transition. The resistivity of Bi2lr.O- is observed to be higher than that of
75% Bi, though. On plotting the normalised values of resistivity p/p(300 K), an unsual trend is
observed: p/p(300 K) data for the 50 and 75% Bi samples is higher in magnitude than that for
Bi2Ir.O7. However, for 25, 10 and 5 % Bi sample p/p(300 K) is smaller than for BixIr,Ov; i.e.,
starting from the Bi:lr.O;, upon substituting Eu for Bi p/p(300 K) first increases before
decreasing again above 75% Eu substitution. Normally for metallic samples the ratio, p(2
K)/p(300 K) is associated with the amount of disorder in the sample. The substitution of Eu for
Bi in Bi2Ir,O7 is expected to increase the disorder in the sample which could possibly be related
to the increase in the p/p(300 K) values for the 75% Bi and the 50% Bi samples. On the other
hand, the behaviour of the samples towards the Eulr,O7 end will be governed by the 5d-6s

overlap.

Once again, we can compare our findings with those obtained in the study of Bi doping in
Y2Ir207 [37]. Even there, it is observed that Y.Ir.O7, which exhibits a Mott insulating ground
state, turns increasingly metallic on addition of Bi. An upturn is observed in the resistivity for
samples with less than 20% of Bi. For higher Bi concentrations, this upturn disappears and
the samples show metallic behaviour. As seen in the case of magnetic susceptibility, the
change in Y-Bi series is much more gradual compared to those in the Eu-Bi series. It would
be interesting to investigate why Bi-doping doesn’t affect the ground state of Eu.lr.O; and
Y2Ir,O7 at the same rate. A possible reason is that Eu»lIr,O- is closer to a metallic ground state
than Y:Ir207 is, therefore in a solid solution series with metallic Bi.lr.O7, the transition for the

Eu-Bi series would be much faster than for the Y-Bi series.
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Considering the low temperature behaviour of the samples, the resistivities of Eu2lr.O; and
5% Bi can be fit to the Variable Range Hopping Model (VRH), which is a relation that describes
conduction in a highly localised electronic system. The relation between temperature and

resistivity for the VRH is given by the equation:

L

p(T) = Poe(%)
Thus, a plot of In(p/p(300)) versus TY* should give a straight line at low temperatures. These
plots are observed to exhibit linear behaviour for Eu.lr,O7; and 5% Bi up to temperatures of 4
K and 10 K respectively, as shown in figure 3.20. Linearity over a similar temperature range
has been seen in single crystalline samples of Eu:lr.O7 in the reference [14]
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Fig 3.20 The resistivities of Euzlr.07 and 5% Bi fitted to the VRH model
This implies that at very low temperatures, charge carriers are localised for both EuzlrO7 and
the 5% Bi sample. As Bi content increases, the curves can no longer be fit to the VRH model.
Interestingly, according to reference [8], among the rare earth iridates, Eulr,Oy7 is reported to

be the only compound for which the resistivity below the MIT can be modelled using VRH.

A thorough analysis of the behaviour and implications of the resistivity for all the samples in
the Bi-Eu series has not yet been done. This is because of several problems faced while
performing measurements, mainly related to the electrical contacts on the sample. We plan to
do a detailed analysis in the future. However, looking at the data obtained so far, it can be
concluded that the resistivity data corroborates the features observed in the magnetic data.
The metal-insulator transition seen in the resistivity behaviour seems to be very strongly
correlated with the magnetic transition in not just this series, but also in the Y-Bi iridate series
studied in [37]. A deeper look into the transport properties, not just electrical, but also
magnetotransport as well as thermal transport could yield valuable information about the

mechanism behind these transitions and the factors driving them.

61



3.5 Effect of Off-Stoichiometry in Euzlr,07

As mentioned earlier, samples with an off-stoichiometry of 2% had been obtained in a
pyrochlore phase. Magnetic and electric transport properties were measured on one of these—
Eu2.021r1.0806.99 — t0 see the role of off-stoichiometry in governing the behaviour of pyrochlore

iridates. The results are summarised in the figures below:
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Fig 3.21 a. Magnetic susceptibility of Euzlr.O7 and Euz.021r1.90806.99 as a function of temperature.
b. In(p/p(300K) plotted against T-V# in accordance with the Variable Range Hopping Model.

The magnetic susceptibility is lesser for the off-stoichiometric compound below the transition
temperature. Interestingly, the magnetic transition temperature of the off-stoichiometric

sample is found to be 118 K as opposed to 123 K for the stoichiometric sample.

The resistivities are compared in Figure 3.21 b. As mentioned previously, in the off-
stoichiometric sample, the dp/dT changes sign below 120 K, whereas the sign of dp/dT

remains negative over the entire temperature range for the nominally stoichiometric sample.

Since reference [14] involves a study on off-stoichiometric crystals, it is worth looking at their
results for Eu»Ir,O7. They observe that off-stoichiometry in any direction leads to reduction in
resistivity i.e. both Eu-rich as well as Ir-rich compounds were seen to have lesser resistivity
than the pure compound. This was attributed to the generation of excess charge carriers due
to off-stoichiometry. The effect of off-stoichiometry on magnetic behaviour has not been
discussed, but if their reasoning is true, then the excess charge carriers should also contribute
to the Pauli paramagnetic susceptibility and enhance it for the off-stoichiometric compounds.

This is not observed in our magnetic data — the two curves overlap in the paramagnetic region.

A more controlled study on off-stoichiometric samples, where samples with an equal excess
and deficit of Eu/lr are compared to the pure sample would probably shed more light on the

effect of off-stoichiometry on the ground state of Euzlr,O-.
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Chapter 4

Conclusions and Outlook

We have successfully synthesised two pyrochlore iridates, Bizlr.O7 and Eu:lr.O7, and a series
of compounds with intermediate compositions. Physical property measurements done on
these samples reveal that the ground states of the two compounds are very different and the
intermediate compositions do not show simple trends like those shown by the rare-earth iridate
series. It is seen that the ground state of Eu.lr2O- is very sensitive to even minor doping by Bi.
In fact, it is at the Euzlr,O; end of the series that the most interesting behaviour is displayed.
As we move closer to Bixlr;Ov, the trends such as lattice parameter variation, and magnetic

and transport properties follow the expected behaviour.

Samples very close in composition to Euzlr.0O7 (with 5 and 10% Bi doping respectively) do not
follow the linear lattice parameter rise displayed by the rest of the series. A possible reason
behind this could be overlapping between the 6s lone pair of Bi and the 5d orbitals of Iridium.
This could also be the reason behind the magnetic transition temperature of the Bi-Eu series
not following the monotonically decreasing pattern seen in the rare-earth iridate series. Such
an overlap could explain the electrical transport properties as well, which corroborate with the

magnetic properties of the series.

In particular, for the compound EuIr>O7, our AC susceptibility and specific heat results imply
the absence of a spin-glass phase below the transition temperature. However, our specific
heat results point at a J=1/2 state for the Ir** ions without any reduction in the effective
magnetic moment, which is in slight disagreement the findings of uSR reports on the
compound. Apart from this, the electronic specific heat value suggests the presence of
moderate correlations, which is in keeping with the theoretically predicted trends. Specific heat
measurements on the other samples in the series, especially the 5% Bi composition and
Bi2Ir.,O; would shed more light on the magnetic ground state of the Ir sublattice and how it is
affected by Bi-doping. AC susceptibility studies across a wider temperature range would also

yield information on the interactions present in the samples of this series.

The magnetic property measurements imply that in the paramagnetic phase the Ir 5d electrons
are delocalised in all the compounds, giving a Pauli paramagnetic susceptibility. However, the
magnitude of this susceptibility is not the same for all compounds of the series — it is in fact
found to decrease with increasing Bi content, implying that Bismuth substitution has an effect
not just on the ionic radius of the A-site but probably also on factors like electronic density of

states at the Fermi level.
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The thermomagnetic irreversibility observed at one end of the series — in Euzlr,O7, at 120 K —
is suppressed down to 60 K with just 5% of Bismuth substitution, and is completely suppressed
after 10% of Bismuth doping, suggesting that the ground state of Eu.Ir.O- is highly unstable

to even minor perturbations.

The resistivity behaviour of the series also shows interesting features. The 5% Bi doped
compound shows a metal-insulator transition at 60 K, accompanying the ZFC-FC splitting
seen in magnetic measurements. This further strengthens the possibility of existence of some

kind of correlation between the metal-insulator transition and the magnetic transition.

Interesting insights into the effect of Bismuth on the physical properties of Euzlr.O; might be
obtained by studying compounds very close to the Eu composition. Currently, the physical

properties of a sample with 1%-Bi composition are being investigated.

Studies on the effect of off-stoichiometry on Euzlr,O; seem to imply that though off-
stoichiometry might not affect the low-temperature behaviour of Eu.lr,O7 to a great extent, it
appears to have some effect on the transition temperature. However, more investigation needs

to be done in this regard to come to a more definitive conclusion regarding off-stoichiometry.

Since neutron scattering cannot yield much information about these compounds, much of the
future research towards understanding their puzzling properties will partly rely on systematic
investigations of bulk properties through structural perturbations which could be extrinsic (e.qg.,
applied pressure) or chemically (e.g., by substitution at the A-site) as was attempted in this

work.
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