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Abstract

The goal of this thesis is to search a potential experimental realization of the low-
dimensional Kitaev chain in calcium iridates, satisfying the two criteria proposed by G.
Jackeli and G. Khaliullin. These criteria state the necessity for a material with a ground
state characterized by Jog = 1/2 and a 90° metal-oxygen-metal (TM-O-TM) bond ge-
ometry to facilitate the emergence of bond-dependent Kitaev interactions. Our initial
potential candidate, CaslrOy4, could not be synthesized under any attempted conditions.
Structural and magnetic analyses revealed an antiferromagnetic transition consistent
with Caslr3Oq2, a calcium-deficient version of CaslrO4, with a mixed valence state of
Ir*67* . This deviation from the ideal pure Ir** valence state hindered the realization of
a pure Kitaev chain. We then proposed the second potential candidate, Cas_,Y ;Ir3Oqs.
By introducing = = 2 (i.e. 40%) yttrium doping, the valence of CaslrsOi9 can be tuned
from Ir*57* to Ir**. The highest achieved doping level, x = 1.52(2), resulted in an
Ir+16+ oxidation state, very close to the desired pure Ir** chain. Further structural
analysis revealed deviations from the ideal TM-O-TM bond angles necessary for real-
izing pure Kitaev interactions. Regardless, Cas_ .Y Ir3sO12 samples exhibit intriguing
properties. First, the achieved doping levels exceed those in previously studied doped
CaglrsO12. Second, electronic characterizations reveal consistency with a spin-orbit-
driven state in all synthesized Cas_, Y, Ir3O12 samples. Third, magnetic susceptibility
data demonstrate that as the doping level increases to the range of 5-20%, the magnetic
transition observed in the parent compound at around 7K completely vanishes. With
further doping to 25-30%, a new magnetic transition emerges at around 11-13K. This
research opens up additional avenues for further investigation of Cas_, Y IrsOq2, as well

as potential candidates for realizing Kitaev interactions.
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Chapter 1

Introduction

5d transition metal iridates are intriguing materials due to their potential for exhibit-
ing a wide variety of exotic electronic and magnetic ground states. The origin of these
fascinating properties lies in the complex interplay between crystal electric fields, spin-
orbit coupling, and electronic correlations. One particularly interesting phenomenon
within these systems is the emergence of bond-dependent Kitaev interactions. Initially,
research interest primarily focused on theoretical calculations and the search for experi-
mental realizations of Kitaev interactions on the originally proposed honeycomb lattice.
More recently, research has expanded to include other lattice types beyond the conven-
tional honeycomb lattice. This chapter serves as an introduction to the basic theoretical
framework necessary for understanding Kitaev interactions. Furthermore, it provides
a few examples of Kitaev interactions realized on honeycomb and other lattice types,
which helps motivate our search for an experimental realization of Kitaev interactions

on quasi-one-dimensional chains.

1.1 5d Transition Metals in the J.g = 1/2 Model

In the realm of electron correlation physics, 3d transition metals have been extensively

explored. They are characterized by large Coulomb repulsion and narrow energy bands,
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providing good experimental realizations for Mott physics based on the Hubbard Hamil-
tonian. This exploration has led to intriguing phenomena, including metal-insulator

transitions, Mott insulators, and high-temperature superconductivity [6, 7, 8].

However, as we delve into the heavy 5d transition metals lower down the periodic
table, a shift occurs. These elements are heavier, and their wavefunctions are more
spatially extended, resulting in reduced wavefunction overlap and diminished electron
correlation effects. Simultaneously, the influence of spin-orbit coupling (proportional
to the atomic number to the fourth power) undergoes a dramatic enhancement when
transitioning from 3d to 5d transition metals [9]. This sets the stage for a fascinating
interplay between electron repulsion (U), arising from the Coulomb interaction between
electrons, and spin-orbit coupling (\), leading to a rich phase diagram as depicted in

Figure 1.1.

-
Nyl

t Mott

insulator spin-orbit entangled

Mott insulator

Kitaev
materials

correlations

metal

band insulator topological insulator

Weyl semi-metal

spin-orbit coupling A/t

FIGURE 1.1: Phase diagram illustrating the interplay between elec-
tron repulsion (U) and spin-orbit coupling (). Figure from [1].
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Furthermore, when 5d transition metals are placed in an octahedral crystal electric
field, intriguing electronic properties emerge. Consider a simple 5d transition ion with
five-fold degenerate d-states. When this ion is surrounded by an octahedral ligand cage,
the full rotational symmetry of SU(2) is broken, leading to a lower symmetry described
by the octahedral symmetry group Op. As a result, the initial five-fold degenerate d-
states split into higher energy two-fold degenerate e, states and lower energy three-fold
degenerate ta, states, as depicted in Figure 1.2. The e, states correspond to the dg2_,»
and d,» orbitals, where the electron orbitals point towards the ligand, resulting in higher
Coulomb repulsion energy and thus a higher-energy state. In contrast, the to, states
correspond to the dgy, d;., and d,, orbitals, where the electron orbitals point away from

the ligand, yielding a smaller Coulomb repulsion energy and a lower-energy state.

Unlike in the conventional 5d states with angular momentum L = 2, due to substan-
tial crystal field splitting (10Dq) between the e, and to, states, in most 5d transition
metal oxides and halides, electrons preferentially occupy the lower-energy to, states.
This results in an effective angular momentum of Leg, = 1, with three degenerate states
formed through superpositions of different d orbitals (|dzy), |dzz), |dy=)) that point away

from the ligand. The three ¢, degenerate states are illustrated in Equation 1.1.1 [10].

e = 0) = |day)
1 = 1 = = (ildes)+d,e) (1)
e = —1) = ——(i[dge)—|dy2))

V2
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Crystal Field SO coupli

J
Ty 302 32

ng Crystal Field SO coupling

FIGURE 1.2: Schematic representation of the Jeg = 1/2 picture
proposed by B.J. Kim, et al. Figure from [2].

Now, consider the octahedral crystal electric field in the strong spin-orbit coupling

limit by including the spin degree of freedom. As illustrated in Figure 1.2, when transi-

tioning from left to right (applying CEF and then SOC), the initially three-fold degener-

ate ta4 states further split into two states: a two-fold degenerate state with an effective

total momentum of Jog = 1/2 and a four-fold degenerate state with Jeg = 3/2. The two

eigenstates for Jog = 1/2 are superpositions of different orbital states, from Equation

1.1.1, and spin states. These two new states with Jeg = 1/2, shown in Equation 1.1.2

[3], are defined as isospins. They can

be visualized in Figure 1.3. Notably, the coupling

of orbital states with spin states introduces a directional preference for spins, deviating

from their free rotational behavior due to the orbital state.

[Jet = 1/2,1) =

[Jet = 1/2,1) =

1 .
(ldyz.1) = ildzz1) = day,1))

S

3
| (1.1.2)

(Idyz 1) + ildaz, )+ |day 1))

S

3
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Isospin up spin up, 1,=0 spin down, |,=1

FIGURE 1.3: Visualization of an isospin-up state (|Jog = 1/2,1)),
a superposition of [, = 0 spin-up state and [, = 1 spin-down states.
Figure from [3].

The same result occurs when transitioning from right to left in Figure 1.2 (applying
SOC and then CEF). In this case, a 5d transition metal with spin-orbit coupling experi-
ences the splitting of its five-fold degenerate state into a three-fold degenerate state with
a total momentum of J = 5/2 and a two-fold degenerate state with a total momentum of
J = 3/2. Subsequently, within an octahedral crystal electric field, the three-fold J = 5/2
state splits into the upper two-fold degenerate e, states and the lower Jeg = 1/2 state.
This explains why the Jeg = 1/2 state has a higher energy compared to the Jog = 3/2

state.

The Jog = 1/2 model plays an important role in understanding the electronic and
magnetic properties of many 4d and 5d transition metals. In terms of electronic prop-
erties, unlike conventional Mott insulators driven by strong electronic correlations, the
Jof = 1/2 model provides an alternative mechanism to achieve a Mott insulating state
with relatively small electronic correlations. For instance, ions with a d® electronic con-
figuration, such as Rut with a 4d® valence and Ir*t with a 5d° valence, which are
both expected to be metals based on band theory, exhibit insulating behavior in the
Jef = 1/2 picture. In this model, the d° electronic configuration results in a fully filled

Jof = 3/2 band and a half-filled Jog = 1/2 band. As a consequence, even a relatively
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small Coulomb repulsion can open a Mott gap in the narrow Jeg = 1/2 band, leading to
the Mott insulator state. This is also referred to as the spin-orbit coupled Mott insulator,

which was first experimentally identified in SroIrOy4 [2].

Second, 4d and 5d transition metals exhibit distinct magnetic properties in the strong
spin-orbit coupling limit. As shown in Figure 1.4, the spin is reduced with the Jog = 1/2
picture, particularly for the 5d* electronic configuration. In the CEF picture, Ir** with
a 5d° configuration and Ir®* with a 5d* configuration are expected to behave as spin-1/2
and spin-1, respectively. However, when considering the strong spin-orbit coupling limit
in the Jog = 1/2 picture, Ir** with a 5d° configuration and Ir®* with a 5d* configuration
I+

are anticipated to behave as spin-1/2 and spin-0, respectively. In this scenario, only

remains magnetic, while Ir°" becomes non-magnetic.

€g — ey N
1
® Jer = 2 Jefr = 2
°® e
t29 e P R—
°® ®
o °
[ Jerr =3 ® Jesr =3
1 1
=_ =— =1 =
S 3 S 3 §=0
5d° (Ir*t) 5d* (Ir°")

FIGURE 1.4: Electronic configurations of 5d° and 5d* in the CEF
and Jeg = 1/2 pictures.

1.2 The Kitaev Model and Experimental Realization

In 2006, Alexei Kitaev presented an exact solution for a spin-1/2 system on a two-
dimensional honeycomb lattice, for a Hamiltonian with highly anisotropic bond-dependent

interactions, resulting in a quantum spin liquid (QSL) ground state, where the formation
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of long-range magnetic order was prevented by strong quantum fluctuations. QSL are
another fascinating research topic due to their intriguing properties, including long-range
entanglement between spins and fractional spin excitations. These properties hold the
potential for applications in quantum communication and quantum computation. Ini-
tially, QSL states were only realized through geometric frustration, such as in triangular
or kagome lattices. Then, Kitaev’s model provided a different mechanism to realize QSL
states. In Kitaev’s quantum spin model on the honeycomb lattice, with no geometric
frustration, the magnetic interactions cannot be simultaneously minimized due to the
bond-dependent interaction. This results in exchange frustration, which induces strong

quantum fluctuations resulting in a Kitaev QSL state [11].

The Kitaev model is illustrated in Figure 1.5. Here, the three types of bonds are
labeled as x, y, and z, each describing a different interaction strength. The Hamiltonian
is shown in Equation 1.2.1, where J, , . represents nearest-neighbor Ising-type spin (o)
interactions along the x, y, and z bonds. This bond-dependent interaction is also known

as the Kitaev interaction [4].

FIGure 1.5: (a) The Kitaev honeycomb lattice. (b) Three types
of bonds labeled as z, y, and z, each with a different interaction
strength. Figure from [4].
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H=-J, Z ojol —Jy Z olod —J, Z o;0; (1.2.1)

z-bonds y-bonds z-bonds
In 2009, G. Jackeli and G. Khaliullin proposed a mechanism for realizing Kitaev
interactions in real materials [3]. They emphasized two critical conditions for achieving

this goal.

First, they highlighted the importance of strong spin-orbit coupling. To introduce
directional magnetic interactions and break the full rotational symmetry (SU(2)) of free
spins, one must consider the entanglement of spin and orbital degrees of freedom. This
coupling of spin and orbital breaks the SU(2) symmetry in conventional spins, leading
to spins with directional dependence. This setup can be achieved by placing a transition
metal ion in an octahedral ligand cage, as described in the Jog = 1/2 model discussed

earlier. In this context, instead of conventional spins, isospins are considered.

Secondly, they explained the significance of the metal-oxygen-metal (TM-O-TM)
bond geometry, as shown in Figure 1.6. The transition metals interact with each other
through superexchange interactions via oxygen. In the case of a 180-degree bond formed
within corner-sharing octahedra, the dominant interaction is a conventional Heisenberg
interaction. In this bond geometry, the nearest-neighbor superexchange hopping matrix
is diagonal, and in a given direction, hopping only occurs through the same type of
orbitals, as illustrated in Figure 1.6(a) for the x-bond. In this scenario, the exchange
Hamiltonian for isospins, as shown in Equation 1.2.2, takes the form of an isotropic
Heisenberg interaction, with an additional pseudodipolar interaction term. Surprisingly,
under this bond geometry and in the limit of strong spin-orbit coupling, the magnetic
interaction closely resembles the Heisenberg interaction observed in cases with weaker

spin-orbit coupling. Furthermore, the pseudodipolar interaction term arises from Hund’s
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coupling, deviating from the conventional case where it originates from spin-orbit cou-

pling.

Hij = J1S; - Sj+ Jo(Si - 75) (755 - i) (1.2.2)
——
Heisenberg pseudodipolar

In contrast, for a 90-degree bond formed within edge-sharing octahedra, the isotropic
Heisenberg interaction completely vanishes. In this bond geometry, the nearest-neighbor
superexchange hopping matrix is only off-diagonal, and hopping only occurs between
different types of orbitals within a given bond. The transfer amplitudes for the two
possible paths, from the metal to the upper and lower oxygen sites to the other metal
site (as shown in Figure 1.6 (b)), interfere destructively. As a result, they cancel out
the Heisenberg interaction, giving rise to bond-dependent anisotropic interactions. The
Hamiltonian for isospins S; ; linked by the v = x,y, 2 bond in this scenario is equivalent
to the Kitaev interaction, as shown in Equation 1.2.3. Therefore, transition metal ions
within edge-sharing octahedra with 90-degree bond geometry offer a promising avenue

for realizing the Kitaev interaction in physical materials.

Hj; = JS]S] (1.2.3)
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FI1GURE 1.6: Two TM-O-TM bond geometries with active orbitals:
(a) 180-degree bond geometry as in corner-sharing crystal struc-
tures and (b) 90-degree bond geometry as in edge-sharing crystal
structures. Figure from [3].

1.3 Possible Candidates for the Kitaev Model

In the search for physical realizations of the Kitaev interaction, one approach is to
identify compounds with a 90-degree bond geometry, involving edge-sharing octahedra
containing transition metals arranged on a honeycomb lattice, as described in the Kitaev
model. G. Jackeli and G. Khaliullin suggested potential candidates in compounds with

the AsBOj3 structure, where 'A’ represents an alkali ion and 'B’ can be Ir** or Rut
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ions known for their strong spin-orbit coupling characteristics [3].

In subsequent experimental studies, many quasi-two-dimensional materials with hon-
eycomb lattice structures were proposed as potential candidates for the Kitaev model.
A few representatives include NaslrOgz, a-RuCls, «a-LisIrOs, and H3LilroOg. How-
ever, subsequent experimental investigations have shown that, with the exception of
Hj3LilraOg[12], all other proposed candidates exhibit evidence of long-range magnetic
order rather than the desired quantum spin liquid (QSL) state. For instance, NagIrOs
[13] and a-RuCls [14] display a zigzag antiferromagnetic ground state, while a-LisIrOg
[15] exhibits a magnetic ground state with incommensurate spiral ordering along the
zigzag chains. Although, further inelastic neutron scattering experiments on a-RuClj
[16] have shown that with a sufficiently large magnetic field, magnetic order is sup-
pressed, potentially leads to a magnetic field-induced QSL phase. These experimental
results highlight the challenges of realizing pure Kitaev interactions in real materials

under ambient conditions.

One of the complicating factors is the distortion of the octahedral cage, introduc-
ing trigonal distortions and deviations from the ideal 90-degree bond geometry. As
a result, this reduces the Kitaev interaction and enhances other types of interactions,
including non-negligible interactions beyond nearest neighbors [17]. A generic Hamilto-
nian describing these interactions is shown in Equation 1.3.1, comprising the isotropic
Heisenberg interaction with coupling strength J, the Kitaev interaction coupling the
~ component of isospins along the v bond with coupling strength K, and a symmetric
off-diagonal Gamma interaction coupling the a and 5 orthogonal components of isospins

along the v bond with coupling strength T" [18].

H= Y [JS S +KS]S]+T(828] +8]8%)] (1.3.1)
<ij>€v bond —

Heisenberg Kitaev Gamma
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These experimental complications can move the material away from the idealized
Kitaev interaction regime. For example, further experimental studies using inelastic
neutron scattering and resonant inelastic X-ray scattering along with calculations on
the electronic band structure of LiaIrOs [15][19] and NagIrO3[20][21] [22] have revealed
the presence of interactions other than Kitaev, such as Heisenberg and Gamma in-
teractions. Additionally, non-negligible interactions with more distant neighbors and

structural distortions, including trigonal distortions, must be considered.

Further, theoretical investigations by I. Kimchi and A. Vishwanath in 2014 explored
the ground state phase diagram with competing Kitaev-Heisenberg interactions in iri-
dates on various lattice structures. These structures included triangular, hyperkagome,
kagome, fcc, and pyrochlore lattices. Except for the triangular and fcc lattices, the other
lattices showed a non-spin-ordered quantum phase with extensive degeneracy in their re-
spective phase diagrams [23]. This research opened up the possibility of realizing Kitaev
interactions beyond the honeycomb lattice. For instance, NaRuOz (triangular lattice)[24]
and some double perovskites such as LagMglrOg and LagZnlrOg (fcc lattice)[25] were

experimentally shown to host Kitaev interactions.

Moreover, theoretical studies have revealed that the Kitaev-Heisenberg honeycomb-
lattice model can be understood in terms of coupled one-dimensional Kitaev-Heisenberg
chains [5]. This insight has sparked interest in low-dimensional lattices, leading to in-
vestigations of competing Kitaev and Heisenberg or Gamma interactions on quasi-one-

dimensional chains or ladders [5] [26] [27] [28].

For instance, in 2018, C.E. Agrapidis et al. presented the phase diagram of the
Kitaev-Heisenberg (KH) model on a one-dimensional chain. A comparison of the phase
diagrams for the one-dimensional chain and the honeycomb-lattice KH model is shown
on the left side of Figure 1.7. These phase diagrams reveal some deviations between

the two lattice types. The visualization of the six ground states of the one-dimensional
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chain is displayed on the right side of Figure 1.7, with one phase (Tomonaga-Luttinger-
liquid phase) exhibiting no long-range order but strong antiferromagnetic fluctuations
[5]. The phase diagram shows that with pure Kitaev interactions, the one-dimensional
chain should exhibit no long-range order. Additionally, when the Gamma interaction
is included, the phase diagram of the Kitaev-Heisenberg-Gamma model on the one-

dimensional chain shows a total of eleven different ground states [28].

(s) spiral-zy (§ < ¢ 5 0.657)

(b) ferromagnetic-z (0.657 < ¢ < )

(b) liquid r’
xigmg AN o o o ° o 0O o o
, g W . 2 T
: S Néel

(c) ferromagnetic-zy (v < ¢ < %)

2550

liquicl

stripy

1D KH model Honeycomb-lattice KH model
(e) Néel-z (1657 S ¢ < 2)

y
z T

(f) Tomonaga-Luttinger-liquid phase (0 < ¢ < w/2)
TLL state has no long-range order but strong AFM fluctuations

FIGURE 1.7: Left: A comparison of the ground-state phase di-
agrams between the one-dimensional chain and the honeycomb-
lattice KH model. Right: Visualization of the six ground states
realized in the 1D KH model with Kitaev and exchange couplings:
K =sin¢, J = cos ¢. Figure from [5]

However, experimental realizations of quasi-one-dimensional Kitaev chains remain
limited. Only one potential candidate, CoNbyOg, featuring twisted one-dimensional
chains, exhibits antiferromagnetic ordering of ferromagnetic chains under ambient con-
ditions. Nonetheless, the long-range order can be suppressed with a transverse field, and
the experimental data can be effectively described by a twisted Kitaev chain model [29].

It is evident that additional quasi-one-dimensional Kitaev systems are needed to test
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the theoretical predictions. This motivation drove our experimental interest in search-
ing for alternative experimental realizations of other potential quasi-one-dimensional

Kitaev chains.
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Chapter 2

Experimental Techniques

2.1 Sample Synthesis

This project involves synthesizing high-quality samples of nominal CasIrOy4, CaslrsOo,
and yttrium-doped CasIrgOq2 in both polycrystalline and single crystal forms using the

following synthesis techniques.
Solid State Reaction

The polycrystalline samples were synthesized at the Brockhouse Institute for Mate-
rials Research’s (BIMR) Centre for Crystal Growth at McMaster University. The solid-
state reaction method was used, involving the synthesis of materials at temperatures
below the melting points of reagents. High-quality reagents were accurately weighed
to achieve the desired stoichiometry. The reagent mixture was manually ground in an
agate mortar with acetone to enhance homogeneity. Once the acetone had fully evapo-
rated, the resulting dry powder was pressed into 8mm pellets using a hydrostatic press at
20MPa pressure. These pellets were then placed in a 30ml ceramic crucible and heated
in a box furnace or tube furnace, typically within the temperature range of 800 to 1300
°C. The synthesis process lasted from 1 to 7 days, with a heating and cooling rate of

60-100 °C/hour, and intermediate grinding and re-pelleting steps were applied.
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Flux Growth Method

The single crystal samples were synthesized at the BIMR’s Centre for Crystal Growth
using the flux growth method. This technique involves mixing the reagents with an excess
of low-melting-point flux. The mixture is then heated above the melting point of the
flux and gradually cooled, allowing crystals to form. The desired amount of starting
material was carefully weighed, and the flux was added in a 1:5 to 1:7 mass ratio of
sample to flux. For synthesizing calcium iridates in this project, we typically used CaCls
as the flux. Both the starting material and flux were thoroughly mixed in an agate
mortar before being placed and sealed in a 30ml platinum crucible. To ensure safety
and prevent potential flux leakage, we wrapped the platinum crucible in alumina fiber
and placed it inside a larger ceramic crucible. It was then heated in a box furnace,
with the temperature gradually increasing at a rate of 60°C per hour. Once the target
temperature was reached, the sample was slowly cooled to a temperature above the flux’s
melting point and then further cooled to room temperature at a rate of 60°C per hour.
At room temperature, the flux was dissolved in ethanol, allowing single crystals to be

separated and collected.

2.2 X-ray Diffraction

The structural information of the reacted samples is determined using two types of

X-ray diffraction techniques.

Powder X-ray diffraction analysis was conducted at McMaster University. The re-
acted samples, were ground and then affixed to a silicon zero-background plate using a
solution of petroleum jelly and Tollens solution. Powder X-ray diffraction was carried
out using a PANalytical X’pert PRO diffractometer, covering an angle range from 20°
to 80° in 20. Cu K, radiation (A = 1.541A) was used as the X-ray source, and a ger-

manium monochromator was used to eliminate the Cu Ko radiation. A point detector
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was used for data collection. The resulting XRD data were analyzed through Rietveld
refinement in the Fullprof software to determine the phase purity and lattice parameters

of the samples [30].

Single crystal X-ray diffraction was conducted at the McMaster Analytical X-ray
Diffraction Facility (MAX) to obtain more detailed structural information on single
crystal samples. A piece of single crystal sample, smaller than half a micron, was selected
after crushing it, and this piece was attached to a glass fiber using GE varnish. The
single crystal X-ray diffraction analysis was performed at room temperature using two
diffractometers. The first one is the STOE IPDS II instrument with a molybdenum
source (A = 0.709A), a graphite monochromator, and an image plate detector. The
second one is the Bruker D8 Venture Duo equipped with a molybdenum source and a
PHOTON III photon counting detector. The absorption correction and initial structure
determination were carried out using the APEX4 Bruker Program [31]. Then, using
Olex2 [32], the structure was solved with the SHELXT [33] structure solution program
using intrinsic phasing and refined with the SHELXL [34] refinement package using least

squares minimization.

2.3 Magnetization Characterization

Magnetic susceptibility measurements were conducted at McMaster University using
a Quantum Design MPMS 5 RF SQUID magnetometer. This technique is used to
investigate magnetic ordering. Both Zero Field Cooled (ZFC) and Field Cooled (FC)

measurements were performed.

In the ZFC measurement, the sample was cooled without applying a magnetic field.
Subsequently, a magnetic field (B) was applied, and the magnetization (M) was mea-
sured as the sample warmed to the target temperature, allowing the determination of

the magnetic susceptibility (x = %) In contrast, in the FC measurement, the sample
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was cooled with a magnetic field applied, and the magnetization of the sample was then
measured as the temperature increased. When cooling in the absence of a magnetic
field (in ZFC), spins will align with no preferred orientation. On the other hand, when
cooling with a magnetic field (FC), spins tend to align in the direction of the applied
field, resulting in a difference between ZFC and FC susceptibility. The split in the ZFC
and FC data can provide insights into the magnetic ground states of the sample, such
as formation of magnetic domains, referring to regions within a material where the mag-
netic moments align, or spin glass, where the magnetic moments freeze randomly below

the freezing temperature.

The quasi-one-dimensional calcium iridates exhibit anisotropic behavior, necessitat-
ing the study of magnetic properties in two primary directions: one with the magnetic
field perpendicular to the c-axis and the other with it parallel to the c-axis. A few
milligrams of phase-pure single crystals were selected. These crystals typically have a
rod or needle-like shape, reflecting their crystallographic orientation. In this case, the
c-axis aligns with the rod or needle. To ensure proper alignment, the crystals were vi-
sually oriented under a microscope. We secured the crystals in place using GE varnish
and sandwiched them between two Kapton tapes. The crystal was then placed in a
plastic straw, ensuring alignment along the desired direction of interest. Magnetization
measurements were conducted using a SQUID magnetometer over a temperature range
from 2K to 300K. Subsequently, we rotated the sample-Kapton assembly to measure the
magnetic properties in another direction of interest. This approach ensures the use of
the same crystals for each measurement and maintains the consistency of the diamag-
netic background resulting from the GE varnish and sample holder. Furthermore, for
the measurements presented in this paper, we used the Reciprocating Sample Option
(RSO) mode, involving rapid oscillation of the sample at a known frequency while the
SQUID detects the magnetic signals. This method allows for the differentiation of the

sample signal from noise, making it highly sensitive to small magnetic moments.
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If we assume the Jog = 1/2 model in O}, symmetry, the high-temperature param-
agnetic region of the susceptibility data can be fitted by the Curie-Weiss law with a
temperature-independent term yg to account for potential diamagnetic contributions

and the nonmagnetic Ir>* term.

C

- “ 2.3.1
T—Tow T XO (23.1)

X

The effective moment can be calculated using:

tet = g/ J(J + 1)up (2.3.2)

where g = % + %, and in the Jog = 1/2 model, Ir** has tef = 1.73up and

Ir°" has et = 0.
The Curie-Weiss temperature Toywy, which indicates the type and strength of the in-

teraction, was estimated by fitting the experimental data to the inverse of susceptibility:

-1 _ T_TC'W
C+xo0-(T-Tcew)

X (2.3.3)

The magnetic moment peg in units of Bohr magnetons was estimated using the Curie

constant C:

NappT — \ Naph

3k 3kpC
feft = \/BX = \/ P~ VBC g [ced] (2.3.4)

where kp is the Boltzmann constant (k = 1.3807 x 10716 erg/K), N4 is Avogadro’s

constant (N4 = 6.0221 x10% mol™!), and pp is the Bohr Magneton (up = 9.2741x 1072
erg/G).
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2.4 X-ray Absorption Spectroscopy

The electronic properties including Ir valence, crystal electric field effects, and the

strength of spin-orbit coupling can be probed using X-ray absorption spectroscopy.

High energy resolution fluorescence detected X-ray absorption spectroscopy (HERFD-
XAS) was carried out at the PIPOXS (ID2A) beamline at the Cornell High Energy
Synchrotron Source, with measurements taken at both the Ir Lz (11.21 keV) and Lo
(12.82 keV) edges. To select the energy of the incident X-ray beam, a silicon-(3,1,1)
double crystal monochromator was used, with higher harmonic contributions suppressed
by Rh-coated mirrors. Five spherical (1m radius) analyzers crystals were used, silicon-
(8,0,0) for L3 measurements (9.175 keV) and germanium-(8,8,0) for L, measurements
(12.513 keV), and they were arranged in Rowland geometry. The data was collected

using a Pilatus 100K detector while keeping the samples at 80K.

It is important to note that for studying 5d transition metals, which have broader
spectra due to their shorter core-hole lifetimes, higher resolution is required. Unlike
conventional XAS, which measures all emitted photons, HERFD-XAS utilizes analyzer
crystals to select a particular final energy for emitted photons from a specific excited
state. This improves HERFD-XAS resolution to around 3 eV, whereas conventional XAS

at the Ir L3 edge has about 5 eV resolution.

The X-ray absorption spectroscopy data is typically divided into three regions. First,
the pre-edge region, characterized by a featureless spectrum due to insufficient energy
to excite core electrons to higher bands. This region primarily serves for normalization
purposes. The second region is the X-Ray Absorption Near Edge Structure (XANES)
region. It exhibits two key features: the "white-line" feature, a sharp energy peak corre-
sponding to core electron excitation to the conduction band, and the edge step region,

where energy is sufficient to excite core electrons to the continuum. The third region is
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the Extended X-ray Absorption Fine Structure (EXAFS) region. It captures oscillations
caused by ionized electrons scattering with their electron cloud environment, providing
information about the neighboring atomic environment of the absorbing atom. In this
paper, we focus only on the XANES region. The analysis of EXAFS is beyond the scope

of this paper, and it is primarily used for normalization alongside the pre-edge region.

XAS serves as a tool to estimate the oxidation state of a material. Both edge and
"white-line" feature energies tend to rise with an increasing oxidation state, as core elec-
trons move closer to the positively charged nucleus, requiring more energy for ionization.
The splitting of the L3 "white-line" feature provides information about the 10Dq to4 to e4
splitting, while the intensity of the "white-line" feature can offer insights into spin-orbit

interactions.

In the fluorescence mode used, the linear X-ray attenuation coefficient (u(FE)) is
proportional to the ratio of fluorescence intensity (Iy) to the incident intensity (/,) of
the X-ray beam passing through the sample. Raw data undergoes normalization in the
ATHENA program. This involves fitting a linear line to the pre-edge and a quadratic
polynomial to the post-edge EXAFS region to normalize both Lo and L3 data from 0
(pre-edge) to 1 (post-edge). Then, the absorption edge is fitted with both step and
arctangent functions. Gaussian functions are also employed to fit the XANES region to
extract peak positions and integrated intensities. Importantly, as depicted in Figure 2.1,
the arctangent function offers a better fit. While the quantitative outcomes from the two

fits may differ, the qualitative trends with respect to doping levels remain consistent.
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FIGURE 2.1: X-ray attenuation coefficient (u(E)) vs. energy for
two different fits. The black line represents the normalized u(FE),
the blue line represents the step or arctan function used for fitting
the absorption edge, and the red dashed line shows the fitted sum.

Then, the branching ratio (BR), under the assumption of negligible spin-orbit cou-

pling [35], can be calculated as follows:

I, 2 (LS
— = T4
IL3+[L2 3 3<nh)

I, 2
_— = - 2.4.1
IL3—|-IL2 3 ( )

BR= 1L _
Ir,

The spin-orbit expectation value ((L - S)) can be estimated from experimental data:

IL3 _ 2 + <L S>
IL3+IL2 3 3(nh) (242)
Iz, 2 o
L.S) — _ 2
(L-8) = 3lm) (2 - )
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Chapter 3

Attempted Material Synthesis

and Characterization of CasIrO4

This chapter presents the attempted synthesis of CaslrO4 in both polycrystalline and
single crystal forms. In spite of significant effort, the results obtained from the structural
and magnetic characterization closely align with the Ca-deficient CasIrsO12 compound

rather than the intended CaglrO4 composition for all samples.

3.1 Introduction

In the search for experimental realizations of the low-dimensional Kitaev chain, which
satisfies the two criteria proposed by G. Jackeli and G. Khaliullin, described in Chapter 1,
CaolrOy4 has emerged as a promising candidate. The CaslIrO4 compound contains pure
Ir** jons centered in oxygen octahedra, that potentially exhibit a Jeg = 1 /2 ground
state. This aligns with the first criterion for realizing Kitaev interactions. In CaslIrQOy,
IrOg octahedral cages form edge-sharing chains, and the metal-oxygen-metal (TM-O-
TM) bond angles are around 103°-105° [36], which is close to the proposed 90° bond

geometry in the second criterion for minimizing the Heisenberg interaction.
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The compound CasglrO4 was first reported by D. Babel et al. in 1966, with the space
group P62m and lattice parameters of a = b = 9.42A and ¢ = 3.19A [36]. Later, a
study by R.F. Sarkozy et al. in 1974 characterized CaolrO4 as a semiconductor and
reported a discontinuity in the inverse magnetic susceptibility at 90K, interpreted as
the development of antiferromagnetic order [37]. It is important to note that this result
deviates from the spin-orbital Mott insulator behavior expected for Ir** in the modern

Joff = 1/2 picture.

Nevertheless, more recent research by F.J.J. Dijksma et al. in 1993 challenged the
earlier structural identifications, proposing that the correct structure is CazlrsOq2, a
Ca-deficient version of CaglrO4. Both compounds share the same space group and com-
parable lattice parameters [38]. Notably, while CayIrOy4 consists of pure Ir** valence,
CasIrsOq9 has a mixed valence of Ir*%™ with an Ir*T:Ir°T ratio of 1:2. The CaslrsOqa
compound demonstrates a metal-insulator transition around room temperature, an an-
tiferromagnetic transition at 7.8K in magnetic susceptibility measurements, and a dis-
tinct anomaly around 105K in specific heat measurements [39][40]. The origin of this
high-temperature nonmagnetic anomaly remains unknown, but subsequent studies have

suggested its potential connection to electric toroidal ordering [41] [42].

Despite the structural discrepancy between CaglrO4 and CaslrsOq2, recent studies
continue to report the CaslrOy4 structure. For example, Hk Muller-Buschbaum in 2003
reviewed the crystal chemistry of CaglrOy4 structure [43], N. Keawprak et al. in 2009
reported the synthesis and experimental thermoelectric properties of CaglrOy4 [44], and
V. Singh and J.J. Pulikkotil in 2018 conducted a computational study of the electronic

structure and magnetic properties of CagIrOy4 [45].

Given the structural similarities between CaolrO4 and CaslrgOq2, and some of the
discrepancies between previous characterization measurements, it is important to de-

termine whether the synthesis of CaslrQOy, is feasible or if Caslr3O1s is the only stable
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phase. This can be achieved through structural and magnetic characterization of the
synthesized material, and ensuring that the material synthesized contains only Ir** ions
forming edge-sharing octahedral chains, thereby ensuring the suitability of the material

for a quasi-one-dimensional Kitaev chain model.

3.2 Synthesis and Characterization of Powder Samples

3.2.1 Phase Identification and Crystal Structure

The initial step in phase identification involves distinguishing between CaslrO4 and
CasIr3Oqy.  Figure 3.1 (a) presents the (001) projection of both the CaglrO4 and
CaglrsO12 structures, generated using PowderCell. Notably, these structures share sig-
nificant similarities; however, CasIrsO1o differs by containing a calcium vacancy at the
(0,0,0) position. Additionally, Figure 3.1 (b) displays the theoretically calculated X-ray
diffraction (XRD) patterns of CagIrO4 and CasIrsO;2 using PowderCell [46]. These pat-
terns show minimal differences, primarily seen in two weak peaks. Caslr3O12 shows a
stronger (2,1,0) peak, while CaIrO4 shows a more pronounced (1,0,1) peak. Therefore,
distinguishing between the two phases through powder XRD patterns is challenging.
Identifying phase pure CaglrO4 with this technique primarily relies on the absence of

residual starting materials or other impurities in the synthesized samples.
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FIGURE 3.1:
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tern using A = 1.541A.

(a) (001) projection of CaglrOy4 (left) and CasIrzOi2
(b) Calculated CagIrO4 and CaslrsO19 powder XRD pat-

3.2.2 Synthesis and Structural Characterization of Powder Samples

Attempts were made to synthesize a polycrystalline sample of nominal CaglrO4 using
solid-state reaction in two environments, O and Ar. Notably, different impurity phases

were observed under these distinct environments, although no significant variation was

observed for different temperature profiles within the same environment.

Solid state synthesis and structural characterization of nominal CazIrOy in O environ-

ment

The nominal CaglrOy4 polycrystalline sample was first synthesized in an O9 environ-

ment using the solid-state reaction method, following the temperature profile described

by D. Babel et al. [36] and C.L. McDaniel et al. [47].

The starting materials, CaCOg3 and IrO,, were mixed in a 2:1 molar ratio, and the
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resulting mixture was ground and pressed into a pellet using the method described in
Chapter 2. Then, the pellet was fired in an Oy environment at temperatures ranging

from 800°C to 1100°C, over 1 to 3 days, with intermediate grinding and pelleting.

Various temperature profiles were used for synthesizing polycrystalline samples of
nominal CasIrO4. Among these attempts, two specific profiles are presented in Figure
3.2, showing the typical outcomes of these growths under the Oy environment. These

growths consistently exhibited a 4-7% CaO impurity, as shown in Figures 3.2 (a) and

().

The presence of the CaO impurity raised concerns that not all calcium atoms were
fully incorporated into the final product, possibly leading to a calcium-deficient phase,
most likely CaslrgO1s. Considering the possibility that the formation of the CaO im-
purity might be more energetically favorable in an Osg-rich environment, the synthesis
of nominal CaslrO4 was replicated in an Ar environment with the same temperature

profile.

Solid state synthesis and structural characterization of nominal CaglrOy in Ar environ-

ment

The synthesis of the nominal CaslrOy4 polycrystalline sample was replicated in an Ar
environment, following the identical temperature profile used in the Oy environment for
direct comparison. Stoichiometric amounts of CaCOg and IrOs were mixed, pressed into
a pellet, and fired in a tube furnace. Initially, O2 was removed at 60°C for 2 hours, after

which the pellet was fired using the Os environment temperature profile.

Figures 3.2 (b) and (d) show the XRD patterns obtained when using the Ar en-
vironment with the same temperature profiles. These figures show the presence of a
30-60% CaylrOg impurity. This suggests that CaysIrOg is more likely to form in an

oxygen-deficient environment, indicating the unsuitability of the Ar environment for
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synthesizing nominal CaslrO4. Furthermore, none of the XRD patterns in Figure 3.2

show a (1,0,1) peak, further indicating the absence of the desired CaglrO4 phase.

Hence, it is evident that different temperature profiles under the same environment
yield the same impurity phase, while different environments, Oy and Ar, result in dif-
ferent impurity phases, CaO and Ca4lrOg, respectively. The polycrystalline samples
synthesized under the Ar environment are clearly non-single phase due to the presence
of the CaylrOg impurity. While the samples synthesized under the Oy environment are
closer to single phase, it is still difficult to determine the structure of the synthesized
sample with powder XRD characterization alone, further characterization using other

techniques is required.
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FIGURE 3.2: Powder XRD data of CaglrO4 materials synthesized
using two distinct temperature profiles under Oo and Ar environ-
ments. (a) and (b) present results under one temperature profile
(annealing temperature (duration)), while (¢) and (d) correspond
to another. In panels (a) and (c), samples were synthesized under
an Og environment showing the CaO impurity. In panels (b) and
(d), samples were synthesized under an Ar environment showing
the CayIrOg impurity. (e) shows the simulated powder XRD pat-
tern of pure CaglrOy4 for comparison.

3.2.3 Magnetic Characterization of nominal CaIrO4 in O, Environ-

ment

For further characterization of the synthesized material in the O9 environment men-
tioned above, magnetic susceptibility measurements were conducted using a SQUID
magnetometer as described in Chapter 2. Figure 3.3 presents the zero field cooled

(ZFC) and field cooled (FC) susceptibility data with 1000e applied field, depicting a
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clear transition around 7.5(5)K, consistent with the reported 7.8K transition temper-
ature for CaslrsOi2 [39][40]. Notably, no discontinuity was observed in the inverse of
susceptibility around 90K as reported by R.F. Sarkozy et al. for CaglrO4 [37]. This
combination of structural and magnetic characterizations conclusively confirms that the

material obtained through solid-state reaction under the Oy environment is not CaslIrQOy.
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FIGURE 3.3: Zero field cooled (ZFC) and field cooled (FC) suscep-
tibility with an applied field of B=1000e for CaslrO4 synthesized
under Oz environment, showing a transition around 7.5(5)K. The
inverse susceptibility plot displays no discontinuity around 90K.
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3.3 Synthesis and Characterization of Single Crystal Sam-

ples

Since achieving phase-pure powder samples was unsuccessful, the focus shifted to
synthesizing single crystal samples. The single crystal samples of nominal CaslrQOy
were synthesized using the flux growth method, using two different fluxes from previous

literature: NayCOj3 [36] and CaCly [40].

3.3.1 Synthesis of Single Crystal Samples

Single crystal synthesis of nominal CazlrOy with NagCOg3 as flux

Initially, an attempt was made to synthesize single crystals of CaslrO4 using the flux
growth method, following the procedure described by D. Babel et al. [36]. The starting
material consisted of stoichiometric amounts of CaCO3 and IrO,, with NayCOg added
as a flux in a 1:7 sample-to-flux molar ratio. The mixture was fired in a box furnace,
with the temperature raised to 950°C for 1 hour, and cooled down to 650°C at a rate of

6°C/h, followed by a final cooling to room temperature at a rate of 60°C/h.

The obtained material exhibited characteristics resembling a ‘melt cake’ as described
in the paper by D. Babel et al. However, after dissolving the ‘melt cake’ in HCI as

described in their paper, no single crystals were observed.
Single crystal synthesis of nominal CazlrO, with CaCly as flux

Subsequently, another attempt was made to synthesize single crystals of nominal
CaglrOy4 using the flux growth method described by G. Cao et al. for synthesizing other
calcium iridates phases like Caslr3O;2 and CaglrOg [40]. Stoichiometric amounts of
CaCOg3 and IrOs were mixed, and CaCly was added as the flux in a 1:7 sample-to-flux

molar ratio. The mixture was sealed in a platinum crucible and fired in a box furnace
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at 1330°C for a duration of 4 hours. Then, it was cooled down to 1200°C at a rate
of 2°C/h, followed by a final cooling to room temperature at a rate of 100°C/h. After

dissolving the flux in ethanol, single crystals were successfully obtained.

The single crystals of nominal CasIrO,4 generally had a rod-like shape, which is in-
dicative of quasi-one-dimensional characteristics, and a hexagonal cross-section reflecting
6-fold crystal symmetry as shown in Figure 3.4. To further analyze the crystal struc-

ture and chemical composition, one of the crystals was selected for single crystal X-ray

{d}‘

diffraction measurements.

Imm

K

FI1GURE 3.4: Single crystals of nominal CagIrO4 obtained from the
CaCly flux growth method. The crystals typically exhibit a rod-like
or needle-like shape with less than 1mm in length, as shown in (c)
and (d), and a hexagonal cross-section, as shown in (a) and (b).

(c)

3.3.2 Structural Characterization of Single Crystal Samples

Single crystal X-ray diffraction data was collected on a selected crystal using the
STOE IPDS II X-ray diffractometer with molybdenum source (A = 0.709A). The re-
fined crystallographic data are summarized in Table 3.1. During refinement, very small
amounts of electron density were observed at the (0,0,0) position in the experimental

data, as shown in Figure 3.5 by Q, the electron density difference between experimental
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data and the fitted model (pezp — Pmoder). However, by including a calcium atom with
refinable chemical occupancy at this site, the refinement yielded a chemical occupancy of
0.025 for calcium, indicating the experimental data only shows 2.5% of calcium electron
density for a fully occupied site. Additionally, the magnitude of the electron density
difference Q for the (0,0,0) site is approximately at the background noise level. Hence,
we conclude that the refinable electron density at this site is negligible, and the final
refined crystal structure obtained from the experiment is consistent with the chemical

composition of CaglrzOqs.

F1cure 3.5: Ball-and-stick style representation of the (001) pro-
jection created using the single crystal refinement interface Olex2.
In the figure, Q represents the electron density difference between
experimental data and the fitted model (pezp — Pmoder). The final
refinement indicates negligible electron density at the (0,0,0) site,
consistent with the crystal composition of CazlrgOqs.
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Lattice Parameters

a=bh=094342(8)A

c = 3.1983(6) A

a=p =90° y = 120°
Unit-Cell Volume 246.52(6)A
Space Group P62m (#189)
Structure Parameters

Atom x ¥ z Uiso
Irl 0.33073(6) 0.33073(6) 1 0.0005(3)
Cal 1/3 2/3 1/2 0.0036(9)
Ca2 0.7113(4) 0.7113(4) 1/2 0.0034(7)
o1 0.4452(11) 0.2052(10) 1 0.0039(13)
02 0.4595(12) 0.4595(12) 1/2 0.002(2)
03 0.1940(12) 0.1940(12) 1/2 0.004(2)

TABLE 3.1: Selected crystallographic data from the refinement of

single crystal X-ray diffraction.
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Ficure 3.6: Ball and stick style representations of the refined
crystal structure obtained from single crystal X-ray diffraction, dis-
playing three projections. (a) shows the (001) projection with atom
label consistent with Table 3.1, the absence of significant electron
density at the (0,0,0) position is consistent with the composition
of CasIrzOj2. (b) and (c) show (100) and (010) projection respec-
tively.

3.3.3 Magnetic Characterization of Single Crystal Samples

Another approach to verifying the composition of the sample involves characteriz-
ing its magnetic properties. Figure 3.7 presents magnetic susceptibility measurements
with applied field along the c-axis of the crystals. The data show an anomaly at 7.4(5)K
and the Curie-Weiss temperature of Toy = —312(25)K indicates a net antiferromagnetic
interaction along the chain direction. This aligns closely with the reported antiferromag-
netic transition temperature of 7.8K for CasIrsO12 [39][40]. The magnetic transition at
this temperature implies that the material exhibits magnetic behavior consistent with
CaglrsO12. Furthermore, the absence of the 90K anomaly described by R.F. Sarkozy

et al. [37] provides additional evidence that the synthesis process resulted CasIr3Oq2
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instead of the desired CaslrO4 phase.
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FIGURE 3.7: Zero field cooled (ZFC) and field cooled (FC) suscep-

tibilities of nominal CaglrOy4 single crystals with an applied field
of B = 10000e along the c-axis of the crystal. The susceptibility
plot shows an anomaly around 7.4(5) K. The inverse susceptibil-
ity plot includes a Curie-Weiss fit with a temperature-independent
term in red. The Curie-Weiss temperature is determined by fitting
the paramagnetic region above 150 K. Notably, the plot shows no

discontinuity around 90K.
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3.4 Conclusion

In conclusion, despite extensive efforts to synthesize CaslIrOy4 in both polycrystalline
and single crystal forms, the material obtained was identified as Caslr3O12, a calcium-
deficient phase of CaglrO4. Structural and magnetic characterization measurements
revealed a lack of calcium at the (0,0,0) position and an antiferromagnetic transition
around 7.4(5)K, consistent with CasIrsO12. While recent literature still refers to CaglrO4
[43]]44][45], the results presented in this chapter confidently confirm that CaglrO4 cannot
be synthesized under the reported conditions and methods, thus aligning with Dijksma’s
argument [38]. Consequently, we need to explore alternative materials for realizing the

quasi-one-dimensional Kitaev chain.
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Chapter 4

Material Synthesis and
Characterization of
Yttrium-doped CaslrgOi2:
Cas Y IrsOq2

The previous chapter showed the synthesis of a stoichiometric CasIrO4 was unsuc-
cessful, therefore failing to obtain pure Ir** chains necessary for realizing the quasi-one-
dimensional Kitaev model. Instead, the existing structure of Cazlr3O12 contains a mixed
valence of Ir** and Ir®* in a 1:2 ratio, resulting in an average Ir oxidation state of +4.67.
To explore an alternative candidate for the low-dimensional Kitaev chain, we decided to

tune the Ir oxidation state from Ir*5™ to Ir** through chemical doping.

This chapter discusses the synthesis of a series of yttrium-doped CazlrsO12 materials
in both polycrystalline and single-crystal forms. The structural, magnetic, and electronic
characterizations of these materials provide compelling evidence that the synthesis of

the doped samples was successful. The highest doping level achieved (z = 1.52 or
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approximately 30% doping) is considerably higher than any previously studied doped

Caslr3O19 systems.

4.1 Introduction

Previous studies have successfully demonstrated low-level chemical doping in CasIr3Oqs.
For instance, in 2016 X. Chen et al. reported the isoelectronic doping of 11% Sr** in
a single crystal, which exhibited a slightly elevated antiferromagnetic transition at 9K
[48]. Furthermore, in 2019 S. Haneta et al. reported the hole-doping of 10% Na™, as
well as the electron-doping of 10% La3" and Bi** in polycrystalline samples. The La3"
doped sample showed no change in the transition temperature, while the Bi*T and Na™*
doped samples exhibited a suppression of the 7.8K antiferromagnetic transition to 5K
and 4K, respectively. However, X-ray diffraction data indicated the presence of IrOq

and unidentified impurities in the latter two doped samples [49].

In our search for an appropriate carrier doping candidate to achieve a pure Ir*t
Jof = 1/2 chain, we established three specific criteria. First, the dopant should add
electrons to lower the oxidation state of Ir. Second, it should possess a similar ionic
radius to that of Ca?t, ensuring that the dopant does not exert excessive chemical
pressure on the system, thereby enhancing the possibility of successful doping. Third, it
should be nonmagnetic to avoid complicating the magnetic structure. We propose Y3+
as a promising candidate that meets these criteria, as it has an oxidation state higher
than Ca?*, and it has ionic radii similar to that of Ca?*. For coordination numbers VII
and IX, which correspond to (x,z,1/2) and (1/3,2/3,1/2) positions in the context of
CasIr301 (see Table 4.3), Ca®T has ionic radii of 1.06A and 1.18A, respectively, while
Y3+ has ionic radii of 0.96A and 1.08A, respectively[50]. Moreover, it is nonmagnetic.
Thus, by introducing 40% Y doping, i.e., Ca3zYsIrsO1a, the desired Ir*t oxidation

state can be achieved.
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4.2 Material Synthesis and Structural Characterization

To the best of our knowledge, there is no previous literature on the synthesis of Y-
doped CaglrsOi9. The main challenge during the growth process was the elimination of
the more favorable yttrium pyrochlore YoIroO7 impurity phase. Therefore, synthesizing
phase-pure powder samples and single crystals required extensive trial and error before

discovering the optimal methods.

4.2.1 Synthesis and Phase Identification of Polycrystalline Samples

The polycrystalline sample of Y-doped CaslrsO19 was prepared in an Oy environment

using the solid-state reaction method described in Chapter 2.

Stoichiometric amounts of CaCOs, Ir metal, and Y203 were used as starting mate-
rials. Yttrium oxide was annealed at 1000°C overnight before weighing since yttrium
oxide reacts with water from the environment to form yttrium (III) hydroxide. The
reagent mixture was then weighed precisely to maintain the stoichiometric ratio and
extensively ground to reduce the particle size of the starting materials. Subsequently,
the mixed powder was pressed into a pellet and fired in a box furnace at 800°C over a
duration of 2-3 days. Following this, the pellet was once again ground extensively and
refired in the box furnace at temperatures ranging from 900°C to 1200°C over a period

of 8-15 days, with intermediate grinding.

Figure 4.2 presents the temperature profile of a successful growth with a nominal
doping level of x = 0.5. Notably, through multiple grinding and refiring steps at higher
temperatures, both the starting materials IrOs and Y2Og3, as well as the impurity phase

YolIroO7, were effectively eliminated, resulting in a phase-pure sample.

Figure 4.1 displays the three most intense peaks from Figure 4.2. It is apparent

that the (1,1,1) peak remains largely unchanged, while the (1,1,0) and (3,0,0) peaks
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have shifted by approximately 0.1° in 26. This shift corresponds to a change in lattice
constants from the initial firing values of a = b = 9.4017(3)A and ¢ = 3.1881(1)A to the
final lattice constants of a = b = 9.3780(4)A and ¢ = 3.1890(1)A. Consequently, there
is a reduction in cell volume from V = 281.8024(1)A3 to V = 280.4626(2)A3. As stated
in the introduction of this chapter, Y3+ ions have smaller radii compared to Ca?* ions.
Thus, a decrease in cell volume is expected with this doping. The observed reduction in
lattice parameters, along with the absence of impurity phases, provides evidence of the

successful incorporation of Y3+ dopant into the parent compound.

I (1,1,0) ~ [S00C°(48hr) - 1050C*(45hr) - *\(3,0,0) / (LLD)
1100C°(48hr) - 1150C°(78hr)
\\
r\ W AR A
L I B00C"(48hr) - 1050C°(48hr) -| || [
W/ \ 1100C°(48hr) A / k
MMMMMM _— Y . - B

Intensity (arb. unit)

A W
i [800C°(48hr) - 1050C°(48hr)| 1™ JL
AN A\ M

\\

\

- AJ\K ‘ Simulated Powder XRD for Ca5Ir3(3y\ J\
1 } L \\' T 1 T { 1 Il I }

1 gl T &
18 18.6 19.2 19.8 33 33.6 34.2
20(degrees) (Cu ka, A=1.541 A)

I0pIQ) [eo130[0U0Iy))

FIGURE 4.1: Zoomed-in view of Figure 4.2 that shows the shifts
in (1,1,0) and (3,0,0) diffraction peaks, while the (1,1,1) diffraction
peaks remaining unchanged. Dashed lines serve as a visual guide to
indicate the peak shifts in each firing. The bottom panel displays a
simulated powder XRD pattern for CaglrsO19 usinga = b = 9.42A ,
and ¢ = 3.19A as a comparison.

Similar results were observed for nominal doping levels of x = 0.25,0.5,1,2. The
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refined lattice parameters for these samples are presented in Table 4.1. Figure 4.3 dis-
plays the powder XRD data for the final synthesized material, showing a noticeable shift
in peak positions for (1,1,0) and (3,0,0) to larger values in 26, in agreement with the
decreasing trend of the a and b lattice constants. Additionally, there is a shift in the
peak position for (1,1,1) to the smaller values in 26, consistent with the increasing ¢

lattice constant.

For the lower doping levels (z = 0.25,0.5,1), changes in lattice parameters were
observed, and no impurity phases were detected. However, as shown in Figure 4.3, for the
doping level of z = 2, it is impossible to eliminate the Y2lroO7 impurity phase through
additional regrinding and refiring at higher temperatures. Therefore, we conclude that
the synthesis of polycrystals is only successful at lower doping levels. With the attempted
nominal doping levels, the maximum doping level to obtain a phase-pure sample using

this method is x = 1.

Nominal Doping Level a=h(A) c(A)
x=0 9.4062(5) 3.1876(1)
x =0.25 9.3892(4) 3.1874(1)
x=0.5 9.3780(4) 3.1890(1)
x=1 9.3715(2) 3.2047(1)
x=2 9.3578(3) 3.2103(1)

TABLE 4.1: Refined lattice parameters of Cas_, Y IrgO12 at nom-
inal doping levels (x = 0.25, 0.5, 1, 2).
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FIGURE 4.3: Powder XRD data for Cas_ .Y Ir3O12 at different
nominal doping levels (z = 0.25, 0.5, 1, 2) with zoomed-in views of
the (1,1,1), (1,1,0), and (3,0,0) diffraction peaks.

4.2.2 Synthesis and Phase Identification of Single Crystal Samples

Two methods were used for the synthesis of Cas_ ;Y Ir3O012. In Method 1, stoichio-
metric amounts of CaCQOjs, Ir metal or IrOs, and annealed Y203 were used as starting
materials. Additionally, CaCly was added as a flux in a 1:5 sample-to-flux mass ratio.
The starting material powder was mixed thoroughly and sealed in a platinum crucible,
then fired in a box furnace to 1330°C for 4 hours. Then, it was cooled to 1150°C at a

rate of 2°C/h, followed by further cooling to room temperature at 100°C/h.

For Method 1, several nominal doping levels were attempted. In the successful syn-
thesis, after dissolving the flux in ethanol and removing powder impurities, rod-shaped
single crystals with a hexagonal cross-section were obtained. A few rod-like crystals were

ground for powder XRD analysis to investigate the crystalline structure. However, the
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detailed refinement of the powder XRD data was challenging due to the preferred ori-
entation. Despite this, the observed shifts in peak position indicated changes in lattice
parameters, consistent with the incorporation of Y2* ions into the structure. Notably,
three nominal doping levels, x = 1,2, and 2.2, resulted in phase pure samples. Inter-
estingly, the powder XRD results exhibited the same change in lattice constants for all
three doping levels, suggesting that the actual doping level for these samples may be
the same. The unsuccessful attempts at other nominal doping levels resulted in phase
separation of doping levels or the formation of CaylrOg as the dominant phase in single

crystal form.

Method 2 involved an alternative approach to achieve different doping levels through
single crystal growth. Initially, phase-pure polycrystals were synthesized using the
method described in the previous section, with CaCly added as a flux in a 1:5 sample-
to-flux mass ratio. The powder material was mixed and placed in a platinum crucible,
then heated in the box furnace to 1200°C for 4 hours. Subsequently, it was cooled to

800°C at a rate of 3°C/h, followed by further cooling to room temperature at 100°C/h.

Various doping levels were attempted using Method 2, and the obtained samples were
analyzed using powder XRD. In successful syntheses, after dissolving the flux in ethanol
and removing powder impurities, single crystals were obtained. These crystals primarily
exhibited a single needle-like or bundle of needles-like shape. Phase-pure samples were
successfully obtained at nominal doping levels of x = 0,0.5, and 1. The unsuccessful
attempts at other nominal doping levels resulted in phase separation of doping levels or

the formation of YsIroO7 as the dominant phase in polycrystalline form.

Figure 4.4 displays the crystals obtained from successful growths using both methods.
The doping levels were refined using single crystal XRD data, as described in the next
section. It was observed that for higher doping levels, crystals were more likely to adopt

a rod-like shape rather than a needle-like shape. Additionally, lower doped crystals were
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on average longer (about 2-4 mm in length) compared to higher doped crystals (typically
less than 1 mm), suggesting that as the doping level increases, the crystals may become

structurally less quasi-one-dimensional.

x=0 x =0.27(2) x = 0.65(2)
Method 2 Method 2 Method 2

-

x =0.85(3) x = 1.43(1) x = 1.52(2)
Method 2 Methed 1 Method 1

FIGURE 4.4: Images of crystals under an optical microscope show-
ing Cas_;Y;IrsO1o synthesized using each method at various re-
fined doping levels.

4.2.3 Structural Characterization of Single Crystal Samples

For further structural investigation, one crystal was selected from each growth batch,
crushed into smaller pieces, and an approximately 40 x 40 x 40 micron sized piece was
used for single crystal X-ray diffraction analysis. This detailed structural analysis aimed
to determine the unit cell parameters, crystallographic data, and refine the doping levels
of crystals from each growth. The selected refinement results are summarized in Tables

4.2, 4.3, and 4.4.

First, it is worth noting that the crystal structure remains largely unchanged with

variations in doping levels. All doped samples retain the same P62m space group as
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the parent compound. Atomic positions display no significant dependence on doping,
and the general coordinates are provided in Table 4.3. Second, the determination of
the doping level for each sample involves placing calcium and yttrium on the same 2d
and 3g sites and refining the atomic occupancy. The total occupancy on each site was
fixed at 1 and the ratio of each atom was refined. The results, as shown in Table 4.2,
reveal that the refined doping levels are generally lower than the nominal doping levels.
This observation aligns with the observation of non-rod or needle-like impurity single
crystals and the presence of impurity powders at the bottom of the crucible. These
findings explain the discrepancy between nominal and actual doping levels. Third, as
presented in Table 4.2, a consistent trend emerges, wherein lattice parameters a and b
decrease while ¢ increases with increasing doping levels. This trend is consistent with
the refinement results obtained from the polycrystalline XRD measurements. Together,
these three observations confirm the successful incorporation of yttrium dopant into the

structure. However, none of the crystals reached the targeted doping level of z = 2.

Nominal Doping Level Refined Refined R .
a="biA) c(A)
(Method Used) Doping Level Ir Oxidation State
x=0
x=0 +4.67 9.4213(6) 3.1958(5)
(Method 2)
x=05
x=027(2) +4.58(1) 9.4079(10) 3.1962(3)
(Method 2)
x=1
x =0.65(2) +4.45(1) 9.3824(14) 3.1948(8)
{Method 2)
x=1
x =0.85(3) +4.83(2) 9.3941(6) 3.2008(3)
(Method 2)
x=2
x =143(1) +4.19(1) 9.3617(6) 3.2119(3)
(Method 1)
x=1 5
x=152(2) +4.16(1) 9.3615(11) 3.2140(5)
(Method 1)

TABLE 4.2: Summary of refinement results for Cas_, Y Ir3O19 at
different nominal doping levels. Refined doping levels and lattice

parameters demonstrate the successful doping.
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Space Group P62m (#189)
Atom Site Coordinate Wyckoff Position
Ir1 (x,x, 1) 3f
Cal, Y1l (1/3,2/3,1/2) 2d
Ca2,Y2 (x,x,1/2) 3g
01 (6, ¥, 1) 6f
02 (x',x',1/2) 3g
03 (", x",1/2) 3g

TABLE 4.3: Summary of symmetry and crystallographic coordi-
nates common to all measured Cas_, Y IrsO1o samples. Wyckoff
positions represent special positions in the unit cell associated with

the crystal structure’s space group.

Next, we can examine structural parameters in Table 4.4 along with the graphic
visualization of IrOg octahedra chains with atom labels depicted in Figure 4.5. First,
the bond lengths between Ir and the surrounding six O atoms show a slight increase with
doping, particularly noticeable in the Ir1-O1 bond length. This change leads to a more
symmetrical local environment around the Ir site, resulting in reduced variation among
the three non-equivalent Ir-O bond lengths within each IrOg octahedron. Second, the
bond angle between O1-Ir1-O1 approaches 180° with increasing doping levels, indicating
reduced distortion in the IrOg octahedron. These two results are important as they
suggest the presence of an octahedral crystal electric field in the yttrium-doped samples,
and these compound are likely to show Jog = 1/2 physics if they have strong spin-orbit
coupling, which is one of the criteria for realizing the Kitaev interaction. Third, the

Ir1-O2-Ir1 bond angle remains at approximately 105°, while the Ir1-O3-Ir1 bond angle
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remains at approximately 103° as a function of doping. Importantly, these angles exhibit
a significant deviation from the ideal 90° bond angles required for the second criterion for
realizing pure Kitaev interaction. The deviation in the two Ir-O-Ir bond angles suggest

a Kitaev interaction with a significant Heisenberg interaction may be present along the

edge-sharing IrOg octahedra chains.

Nomi::‘llgloping Refined Bond Length (f&) Bond Length (f&) Bond Length (.E\) Bond Angle(°) Bond Angle(°) Bond Angle(°)
(Method Used) Doping Level Ir1-01 Ir1-02 Ir1-03 Ir1-02-irl1 Ir1-03-irl 01-Ir1-01
x=0 x=0 1.963(3) 2.006(3) 2.038(3) 105.60(20) 103.26(19) 176.38(18)
(Method 2)
x=05 x=0.27(2) 1.962(2) 2.005(2) 2.030(1) 105.34(10) 103.52(9) 176.42(9)
(Method 2)
x=1 x = 0.65(2) 1.977(2) 2.009(2) 2.035(2) 105.34(11) 103.42(10) 176.83(10)
(Method 2)
x=1 x = 0.85(3) 1.990(2) 2.017(2) 2.044(2) 105.04(13) 103.11(12) 177.29(13)
(Method 2)
x=12 x = 1.43(1) 2.001(1) 2.021(1) 2.045(1) 105.23(8) 103.50(8) 177.35(8)
(Method 1)
x=1 x = 1.52(2) 2.002(2) 2.020(2) 2.049(2) 105.47(14) 103.33(14) 177.50(14)
(Method 1)

TABLE 4.4: Summary of refinement results for Cas_, Y, Ir3012 at
different nominal and refined doping levels. Three bond lengths
and three bond angles of interest are listed. Atom labels used cor-

respond to positions listed in Table 4.3, and are graphically shown

in Figure 4.5.
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/S

O3

(a) (001) projection

Ca2

o ﬂf'}‘

FIGURE 4.5: Visualization of Cas_,Y,Ir3sO1o crystal structure in
Ball-and-stick representation. (a) (001) projection from the single
crystal X-ray diffraction refinement of the undoped sample. (b)
(010) projection illustrating an IrOg octahedra chain with atom
labels. (c) IrOg octahedron with with atom labels.

K

In summary, the refined crystal structures confirm the successful incorporation of
yttrium into the parent compound, as evidenced by changes in lattice parameters, bond
lengths, and bond angles. However, it is important to note that the Cas_;Y;IrsOq9
structure still exhibits notable deviations from the ideal mechanism proposed by G.
Jackeli and G. Khaliullin for realizing the Kitaev interaction. While the bond lengths
indicate a more symmetrical local environment around iridium as a function of doping,
the two Ir-O-Ir bond angles suggest a distortion in each IrOg octahedron. Furthermore,
it is worth noting that the targeted doping level of = 2 for achieving a pure Ir**
Jog = 1/2 system was not achieved through the attempted single crystal synthesis.
Nevertheless, the investigation of Cas_, Y, Ir3O12 samples remains interesting, as the
highest doping level achieved (x = 1.52 or approximately 30% doping) is considerably
higher than any previously studied doped CasIr3O1s system. Therefore, a detailed study

of the electronic and magnetic properties was conducted as a function of doping level.
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4.3 Electronic State Characterization

High Energy Resolution Fluorescence Detected X-ray Absorption Spectroscopy (HERFD-
XAS) measurements were conducted on Cas_,;YIr30;2 samples at both the Ir Ly and
Ly edges, following the methodology outlined in Chapter 2. The HERFD-XAS mea-
surements provided insights into the electronic characteristics of the samples, and this
section will focus on presenting results relevant to Ir valence, crystal electric field effects,

and the strength of spin-orbit coupling.

First, XAS is used to probe Ir valence by examining the chemical shifts in the “white
line" feature at both Ir L3 and Lo edges. The energy of this feature tends to increase
with rising oxidation state, as more energy is required for ionization as the number of
electrons around the positively charged nucleus is reduced. Figure 4.6 displays the X-ray
absorption near edge structure (XANES) region of the XAS spectra. The red lines in
Figure 4.6 serve as visual guides, showing the decrease in energy of the “white line"
feature at both Ir L3 and Ly edges from the undoped sample (x=0 with Ir*67") to the
maximally doped sample (x=1.52(2) with Ir*1%()+) This shift to lower energy indicates
a decrease in oxidation states with increasing doping, consistent with the refined doping
level and oxidation state determined from single crystal XRD results. However, it is
important to note that the resolution of the XAS data prevents clear distinction of small
changes in oxidation state. As a result, it becomes challenging to distinguish between

similar doping levels (eg. x = 0.65(2) and 0.85(3), or = 1.43(1) and 1.52(2)).

Similarly, Figure 4.7 offers a comparative view of the undoped and maximally doped
samples in relation to SroYIrOg and SrolrQOy4, representing Ir°t and Ir*t reference sam-
ples, respectively. Once more, the red lines in Figure 4.7 serve as visual guides, indicating

the decrease in energy of the “white line" feature at both Ir Ls and Lo edges from the
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Ir5+ 4.674 oxi-

reference to the Ir** reference sample. The undoped sample, x=0 with Ir
dation state, exhibits an energy slightly below that of the Ir>* reference. Conversely, the
maximally doped sample, x=1.52(2) with I+ 16+ oxidation state, displays an energy
very close to the Ir*t reference, indicating the successful doping of yttrium. In sum-
mary, the XAS results reveals the possibility of determining changes in oxidation states
through shifts in the “white-line" energy within the Ir Ls and Lo edges, as a function of
doping. However, due to the resolution limitations of XAS, precise quantification of the

oxidation state in the doped samples is challenging.

Second, it is noteworthy that in both Figures 4.6 and 4.7, the Ir L3 edge XANES
spectrum of the measured samples shows two peaks, while the Ir Lo edge XANES spec-
trum has only one peak. This difference arises because the Ir L3 edge involves electron
transitions from 2ps /5 to both 5d3/, (primarily ¢4 in character) and 5ds /5 (primarily e,
in character) orbitals. Consequently, the Ir L3 edge XANES spectrum can be used to
probe the total number of holes in all 5d orbitals. With the energy resolution of HERFD-
XAS, it becomes possible to detect the splitting between the e, and to, states from the
Ir L3 edge XANES spectrum. In this context, the lower energy peak corresponds to the
tag states, while the higher energy peak corresponds to the e, states. The strength of
the crystal electric field splitting (denoted as 10Dq) can be quantified by subtracting the
energies Fr3,, from Fp3, . The results, presented in Table 4.5, indicate that within the
fitting uncertainty, there is no significant change in the strength of the crystal electric

field splitting as a function of doping.
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8= Xx=1.52(2), 1116
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£ Xx=0.85(3), 11+
= X=0.65(2), Ir*450)*
) x=0.27(2), IrSH*
= X=0, 17
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FIGURE 4.6: XANES region for Cas_;Y,IrsO12 at the Ir L3 (left)
and Ly (right) edge. The energy of the “white line" feature de-
creases as the doping level increases. This chemical shift indicat
a steady decrease in oxidation state. The red lines serve as visual
guides, showing the decrease in energy of the “white line" from the
undoped sample (x=0 with Ir*%"") to the maximally doped sample
(x=1.52(2) with Ir*16(1)+),

Ir’* I It

Ir*

Sr21rO4, Ir**
X=1.52(2), 160"
x=0, Ir*o7*
Sr2YIr06, Ir**

+

.
N
%

W(E) (arb. units)
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FiGUurE 4.7: XANES region for Cas ,Y.Ir3sO12 at £ = 0 and
x = 1.52(2) compared to SroYIrOg (Ir®") and SrolrOy4 (Ir'™) ref-
erence at Ir Lz and Lo edges. The red lines serve as visual guides,
indicating the decrease in energy of the “white line" feature from
the Ir>* reference to the Ir** reference sample.

Third, the branching ratio can be extracted from the ratio of integrated intensity
of the “white line" feature at the Ir L3 and Lo edges (BR = Ip3/I12). As shown in

Equations 2.4.1 in Chapter 2, assuming negligible spin-orbit coupling (SOC), the BR is
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anticipated to be 2. Table 4.5 shows the calculated BR from fitted experimental data
for Cas_, Y, Ir3O01o samples all exceed 2, indicating nonzero SOC effect. However, no
significant trend was observed as the function the doping levels. Similarly, the strength
of spin-orbit coupling ((L - S)) can also be estimated using Equation 2.4.2 in Chapter 2.
The result displayed in Table 4.5 shows a non-zero (L-S) for all Cas_,Y,Ir3O2 samples,
however no obvious trend was observed as the function the doping levels. Furthermore,
all Cas_,;Y,Ir30;2 samples show a comparable magnitude of BR and (L - S) to the
canonical Jog = 1/2 system SraIrOy4. This suggest large SOC effect in all Cas_, Y ;Ir3012

samples, which is one signature of Jog = 1/2 system.
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e ot S e e |
SroYIrQ, +5 11211.8(1) | 11215.2(1) 3.4(2) 12820.5(1) 25.3(2) 5.7(5) 4.4(4) —2.7(2)
x=0 +4.67 | 11211.7(3) |11214.6(3) 2.9(5) 12819.8(1) 18.5(7) 5.2(5) 3.6(4) —2.0(3)

x =0.27(2) +4.58(1) |11211.5(1) [11214.4(1) 2.9(2) 12819.5(1) 19.7(5) 5.2(5) 3.8(4) —2.1(2)
x = 0.65(2) +4.45(1) [11211.4(1) |11214.3(1) 29(2) 12819.7(1) 17.3(4) 53(5) 33(3) ~16(2)
x =0.85(3) +4.83(2) [11211.4(1) |11214.3(1) 29(2) 12819.5(1) 21.6(5) 5.5(5) 4.0(4) —2.1(2)
x =1.43(1) +4.19(1) |11210.8(1) [11213.8(1) 3.0(2) 12819.3(1) 19.1(3) 5.6(5) 3.4(3) -1.7(1)
x=152(2) | ta16(1) |11210.8(1) [112137(1) | 29(2) |128194(1) | 17.1(3) 5.8(5) 30(3) —13(2)
S1,1r0, +4  [112106(1) |112132(1) | 2.6(2) [12819.0(1) | 18.0(7) 5.0(5) 3.6(4) _18(3)

In summary, the HERFD-XAS results show a consistent decrease in oxidation states
as a function of doping, as evidenced by noticeable chemical shifts in both Ir Lo and L3
spectra. Additionally, the characteristic two-peak line shape observed at the Ls edge in
all samples is indicative of crystal electric field effects. Furthermore, these results indi-

cate the existence of a strong spin-orbit coupling effect, as inferred from the calculated

TABLE 4.5: Summary of HERFD-XAS measurements conducted
on Cas_, Y Ir3O12 samples at various refined doping levels, includ-
ing SrolrOy (Ir*™) and SroYIrOg (Ir°T) reference samples. Peak
positions of the "white line" feature (Er3,,,, £r3.,, and Ers) are
determined using Gaussian fits with an arctangent function applied
to Ir Ls and Lo edge spectra, with uncertainties derived from the fit
function. 10Dgq crystal field splitting is calclated using Ers,,, and
Er3., peak positions. The intensity of the "white line" features in Ir
Lo and L3 edges is quantified through numerical integration, with
uncertainties obtained by fitting the same spectrum with different
normalization regions using ATHENA. The branching ratio (BR)
and the spin-orbit expectation ((L-S)) are calculated based on the
fitted data.
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branching ratio and spin-orbit expectation value. Notably, there is no apparent dop-
ing dependence observed in 10Dq, branching ratio, or the spin-orbit expectation value.
These findings suggest that Cas_, Y IrsO12 samples could potentially exhibit Jog = 1/2
ground states due to the strong spin-orbit coupling within an octahedral crystal electric

field.

4.4 Magnetic Characterization

Magnetic susceptibility measurements were conducted on the Cas_, Y IrsO12 sam-
ples with a SQUID magnetometer using the method described in Chapter 2. Figure 4.8
displays the experimental results, which includes zero field cooled (ZFC) and field cooled
(FC) susceptibility measurements for all Cas_,Y;Ir3sO12 samples. These measurements
were performed under an applied magnetic field of 10000e, with the field oriented per-
pendicular and parallel to the c-axis of the crystals, or the IrOg edge-sharing octahedral
chain. Figure 4.9 provides Curie-Weiss fits within the paramagnetic regime (150-300K),
based on the inverse zero field cooled susceptibility data. Table 4.6 summarizes both
the observed features, including the transition temperature (T) and ZFC-FC hysteresis
temperature (Ty), as well as the fitted results, which include Curie-Weiss temperature
(Tew ), net effective moment (pucry), and frustration index (f). Based on the suscepti-
bility results, the samples can be categorized into three groups: no doping (x=0), low

doping levels (x=0.27(2), 0.65(2), 0.85(3)), and high doping levels (x=1.43(1), 1.52(2)).
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Sample Field Direction | Tcw(K) Herr(Mp) Tn(K) Tu(K) f= lT;:er
Hllc —343(50) 1.9(7) 7.4(2)
x=0 7.4(2) 47(8)
Hlc —15(4) 1.9(1) 6.8(2)
HI —140(50 1.5(6 N/A
x =027(2) ‘ 0 © N/A / N/A
Hlc —31(4) 2.2(1) N/A
HI —230(70 2.3(6 2.2(2
X = 0.65(2) ¢ 70) ©) N/A @ N/A
Hlc —24(4) 2.4(1) 2.2(2)
HI —99(50 1.3(2 115(5
x = 0.85(3) c (50 @) N/A © N/A
Hlc —20(16) 2.1(2) 2.2(2)
HI —302(78 2.6(5 240(5
x =1.43(1) ‘ 79 © 11.8(2), 4.6(2) © 26(7)
Hlc 44(13) 3.3(4) 12.6(2)
HI —162(44 2.1(7 235(5
x =1.52(2) ‘ o @ 13.2(2), 4.6(2) © 12(4)
Hlc 51(15) 3.3(3) 13.8(2)

TABLE 4.6: Summary table of the susceptibility results for each

doping level in two field directions. The table includes the observed

antiferromagnetic transition temperature (7%), the ZFC and FC

splitting temperature (Tg), as well as the fitted Curie-Weiss tem-

perature (Tow ), estimated effective moment (pcf¢), and frustration

index (f). f is calculated using the maximum Curie-Weiss temper-

ature of the sample.

In the undoped case (x = 0), several observations can be made. First, in the field

parallel to the c-axis, there is a sharp anomaly in the susceptibility curve at Ty

7.4(2)K, indicating a phase transition to antiferromagnetic ordering below T, which
is consistent with previous reports [40][39]. In the field perpendicular to the c-axis, the
susceptibility shows a weak anomaly at the same T). Second, in both field directions,
the ZFC and FC curves diverge below Ty, which suggests the presence of magnetic
domains that align with the applied field. Consequently, the FC magnetic susceptibility

is larger below T compared to the ZFC susceptibility. Third, the negative Ty values
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determined through the Curie-Weiss fit indicate a net antiferromagnetic interaction in
both field directions. However, the antiferromagnetic interaction is more dominant in
the parallel field direction, as indicated by the strength of the interaction, represented

by the magnitude of Ty, which is larger compared to the perpendicular field direction.

In the low doping levels (5-20%) where = 0.27(2),0.65(2), and 0.85(3), different
observations can be seen compared to the undoped sample. First, the 7.5K antiferro-
magnetic transition observed in the undoped sample (z = 0) is completely suppressed in
both field directions, and no anomalies are observed in the susceptibility curves. Second,
despite the absence of the magnetic phase transition, the negative Ty values indicate
the presence of a net antiferromagnetic interaction in both field directions. Similar to the
undoped case, the parallel field direction exhibits a larger magnitude of Ty than the
perpendicular direction, suggesting that the dominant net antiferromagnetic interaction
is along the chain direction. Third, small ZFC and FC splitting emerges around 2.2K
in these samples, indicating a glassy behavior. However, an exception is observed in the
case of x = 0.85(3) under parallel field direction, where a ZFC and FC splitting occurs
around 120K. This distinctive high-temperature feature is reproducible in lower field
(B=1000e) measurement, and with a temperature increment of 1K, it becomes evident
that this transition is smooth and intrinsic to the sample. Nevertheless, the origin of this
feature remains unclear. One potential explanation is a minor contamination of YslroOr
in the sample, as it was reported to exhibit an enlargement of ZFC and FC splitting

below the bifurcation temperature at 130K [51].

In the high doping levels (25-30%) where x = 1.43(1),1.52(2), new magnetic transi-
tions emerge. First, two distinct magnetic transitions occur. A noticeable cusp appears
in the ZFC curve at T1 = 11.8(2) for x = 1.43(1) and at Ty = 13.2(2) for z = 1.52(2).
Determining the exact magnetic ground states associated with this transition requires ad-

ditional characterization using other techniques. Additionally, a minor anomaly emerges
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at Ty = 4.6(2) for both samples. This anomaly is likely an artifact caused by ZFC
and FC irreversibility during warming up through the boiling point of liquid Helium-4.
Notably, the transition around 7T exhibits more pronounced characteristics when the
magnetic field is oriented perpendicular to the c-axis. Second, in the field parallel to
the c-axis, a small ZFC and FC splitting occurs at a higher temperature (240(5) K) and
becomes more significant below T1. Similarly, in the field perpendicular to the c-axis,
a substantial ZFC and FC splitting occurs below Ty, providing evidence of potential
spin glass behavior below the transition temperature. Third, a large negative Tow value
in the field along the c-axis points to a net antiferromagnetic interaction along the chain
direction. Conversely, a small positive Ty value in the field perpendicular to the c-axis
suggests a small net ferromagnetic interaction in the in-plane direction. This might indi-
cate the presence of canted antiferromagnetic ordering along the c-axis, which, in turn,

leads to a small ferromagnetic in-plane component below 1.

In summary, the magnetic susceptibility results show interesting trends as the doping
level varies in Cas_, Y ,Ir3012 samples. When the doping level increases to the range of 5-
20%, the previously observed magnetic transition at T = 7.4(2)K completely vanishes.
Upon further doping to 25-30%, a new magnetic transition emerges at T, = 11.8(2)K,
which becomes even more elevated at the highest doping level of z = 1.52(2), reach-
ing Ty1 = 13.2(2)K. The Curie-Weiss temperatures (Tow) obtained from our analysis
suggest a dominant net antiferromagnetic interaction along the IrOg edge-sharing oc-
tahedral chain in all Cas_,Y . Ir3sO12 samples. However, in the direction perpendicular
to the chain, there is a transition from a small net antiferromagnetic interaction to a
net ferromagnetic interaction at higher doping levels. The frustration indices in Table
4.6 suggest large magnetic frustration along the chain direction, possibly due to the
presence of competing interactions in this direction. Furthermore, all Cas_ ;Y IrsOq9
samples in Figure 4.8 show significant anisotropy in susceptibility between directions

parallel (x|.) and perpendicular (x1.) to the c-axis, as expected for low-dimensional
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systems. This anisotropy increases as function of doping. In the undoped sample, x .
is approximately three times greater than x|, while in the highly doped samples, x . is
roughly ten times greater than x|.. Finally, based solely on susceptibility measurements,
we can only speculate about the magnetic ground states of Cas_ ;Y Ir3sO12 samples. To
conclusively identify the magnetic ground states below these transition temperatures,

magnetic diffraction studies using neutrons or resonant X-rays are required.

4.5 Conclusion

In conclusion, our study has successfully confirmed the incorporation of yttrium into
the CaslrsO2 structure through structural and electronic characterizations. The doping
levels determined from single crystal XRD refinement align with the chemical shift of
the "white line" feature observed in X-ray absorption spectroscopy results. Notably, the
highest doping level achieved is © = 1.52(2), resulted in an oxidation state of x4 16+,
indicating a mixed valence of Ir** and Ir>* in a 5:1 ratio. Therefore, our original goal of
achieving a doping level of = 2 to attain a pure Ir** oxidation state for the realization
of quasi-one-dimensional Kitaev chains was not met. The further electronic characteri-
zations have revealed the presence of crystal electric field splitting and evidence of strong
spin-orbit coupling in all synthesized Cas_,Y Ir3012 samples. Additionally, the mag-
netic characterizations showed the emergence of a new magnetic transitions with increas-
ing doping levels, exchange frustration along the IrOg chain, and magnetic anisotropy.

These intriguing electronic and magnetic behaviors open up many possibilities for further

investigations for future research.
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Chapter 5

Conclusion

The original objective of this project was to search for an experimental realization
of the low-dimensional Kitaev chain, satisfying the two criteria outlined by G. Jackeli
and G. Khaliullin. First, the chosen material should have a Jog = 1/2 ground state,
allowing the emergence of bond-dependent Kitaev interactions from strong spin-orbit
coupling. Second, the material should contain a 90° metal-oxygen-metal (TM-O-TM)
bond geometry, such as an edge-sharing octahedral crystal structure, in order to minimize
the Heisenberg interaction and increase the chance of the experimental observation of

the weak Kitaev interaction.

The first potential candidate we considered for the quasi-one-dimensional Kitaev
chain that satisfies the two criteria is CaslrO4. However, our attempted synthesis and
characterization revealed that this material cannot be synthesized under the reported
conditions and methods. The structural and magnetic analyses showed the absence
of calcium at the (0,0,0) position and an antiferromagnetic transition occurring around
7.4(5)K, which is consistent with the behavior of CazIr3Oq2. Caslr3O12 exhibits a mixed
valence state of Ir*%™*  with a Ir** (magnetic) to Ir®" (non-magnetic) ratio of 1:2, instead
of the ideal pure Ir** valence state in the CasIrOy4 composition. Therefore, CaglrsO1s

is not an ideal candidate due to the presence of non-magnetic Ir®* along the chain.
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Consequently, we need to explore an alternative approach for realizing the quasi-one-
dimensional Kitaev chain. One potential solution is to tune the valence of the existing

CaslrsOqs structure from Ir*%"* to Ir

4+ through chemical doping. Yttrium emerged
as a promising dopant, and we successfully incorporated yttrium into the CaglrsOqo
structure, as confirmed by structural and electronic characterizations. However, the
highest doping level achieved in this study was x = 1.52(2), resulting in an oxidation
state of Ir* 1% with Ir** to Ir®* ratio of 5:1. Therefore, we did not meet our initial goal of
achieving a doping level of z = 2 to attain a pure Ir*t oxidation state for the realization
of quasi-one-dimensional Kitaev chains. Additionally, structural characterization reveals
that the TM-O-TM angles range from 105° to 103°, which significantly deviates from

the ideal 90° bond angle required for the realization of pure Kitaev interactions. Hence,

additional interactions such as Heisenberg interactions should be considered.

Despite not achieving the pure Ir** oxidation state and not satisfying the ideal 90°
bond angle, Cas_ .Y, IrsO12 samples still exhibit interesting properties. First, the highest
doping levels we reached are considerably higher than those in previously studied doped
Caslr3O19. Second, electronic characterizations have revealed crystal electric field split-
ting and evidence of strong spin-orbit coupling in all synthesized Cas_, Y Ir3012 sam-
ples. Third, the magnetic susceptibility data shows that as the doping level increases,
within the range of 5-20%, the magnetic transition around 7K observed in parent com-
pound completely vanishes. Upon further doping to 25-30%, a new magnetic transition
emerges at around 11-13K. The Curie-Weiss temperatures suggest the potential pres-
ence of canted antiferromagnetic ordering along the chain direction in the highly doped
samples. The substantial ZFC and FC splitting might indicate potential ground states
of a spin glass. However, further experimental investigation with different techniques is

required to determine the exact magnetic ordering.

There are several possibilities for future research on Cas_, Y Ir3O12 samples. First, in
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terms of searching for potential candidates for the quasi-one-dimensional Kitaev chain,
we can consider using resonant inelastic X-ray scattering or inelastic neutron scattering
to initially confirm if any of the synthesized Cas_,Y,Ir3012 samples indeed exhibit a
Jog = 1/2 ground state. Subsequently, we can compare the experimental data with the-
oretical models to identify different types of interactions present in these Cas_, Y Ir3012
samples, ultimately confirming the presence of Kitaev interactions in these materials.
Additionally, we can also explore other dopants. Ce** is another promising candidate,

which can achieve a pure Ir*t state with just z = 1 or 20% doping.

Second, regarding the study of the effect of chemical doping on CaslrsOio, further
measurements, including heat capacity and resistivity, can be investigated as a func-
tion of doping. This investigation is particularly interesting to determine how the 105K
anomaly in specific heat changes as function of doping. Furthermore, there have been
no reports of neutron diffraction studies on the magnetic ordering vector and ordering
parameter of CaslrsO12. Exploring how magnetic ordering vector and ordering parame-
ter change as a function of doping will be interesting, as it also can help us understand
the magnetic structure of CaslrsO;2 and the nature of the new magnetic ordering that
occurs in the highly doped samples. In conclusion, there is a lot of potential for further
experimental investigations with Cas_, Y, Ir3O12 samples, and these studies may give

surprising results.
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