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Zusammenfassung

Ubergangsmetalloxide weisen eine Vielzahl exotischer Phinomene auf, unter anderem Supra-
leitung oder kolossalen Magnetwiderstand. Diese Phdnomene sind in der Regel durch das
Zusammenspiel von Ladungs-, Spin- und Orbitalfreiheitsgraden der korrelierten Elektronen
im Kristallgitter getrieben. Mott-Isolator-Ubergangsmetalloxide mit teilweise gefiillten und
entarteten d-Orbitalen bieten die Grundlage fiir exotische elektronische Zustande wie zum
Beispiel Orbitalordnung, die Bildung von Molekiilorbitalen und die Verschrankung von Spin
und Bahndrehimpuls. Der Einfluss all dieser Effekte ist besonders in 4d- und 5d-Systemen
interessant, da viele Wechselwirkungen, die diese Mechanismen steuern, aufeinandertreffen
und dieselbe Groflenordnung besitzen. In 4d- und 5d-Materialien sind die d-Orbitale raumlich
weiter ausgedehnt als im Vergleich zu 3d-Orbitalen. Dies fithrt zu einer reduzierten Elektro-
nenkorrelation U und damit kleineren Hundschen Kopplung Ji, gleichzeitig aber zu erhdhtem
ntersite-Hopping™ ¢. Ein nichtkubisches Kristallfeld hat zudem fiir die grof3eren d-Orbitale
einen grofleren Effekt. Am wichtigsten ist, dass aufgrund der schwereren Kerne in 4d und
5d-Elementen die Spin-Bahn-Kopplung in der Groflenordnung von Hunderten meV liegt
und mit den anderen Wechselwirkungen konkurriert. Der Wettbewerb der verschiedenen
Wechselwirkungen in den schweren Ubergangsmetallmaterialien kann durch Variation von
Temperatur, Druck oder chemische Substitution abgestimmt werden. In dieser Thesis werden
drei Materialien im Zusammenhang mit der Konkurrenz zwischen Spin-Bahn-Kopplung,
Molekiilorbitalbildung und nicht-kubischem Kristallfeld untersucht.

B-LiyIrOs ist ein Kitaev-Material mit Honigwabenstruktur welches einen Spin-Bahn ver-
schriankten Jo¢ = 1/2-Zustand bei Umgebungsbedingungen aufweist. Bei hohem hydrostati-
schem Druck wird der Jog = 1/2-Magnetismus unterdriickt und es findet ein struktureller
Ubergang statt. f-LiIrO3 besteht aus kantenverkniipften IrOg-Oktaedern. Bei hohem Druck
schrumpft das Kristallgitter, und das dadurch groflere direkte ,,d-d-Hopping® iiber die ge-
meinsame Kante, konkurriert wahrscheinlich mit dem ansonsten dominierenden indirekten
,d-p-d-Hopping®. Mittels Neutronenbeugung, RIXS und Bandstrukturberechnungen stellen
wir fest, dass bei hohem Druck der J. = 1/2-Zustand kollabiert und sich Ir;-Dimere mit
Molekiilorbitalen bilden. Somit kann der Effekt von Spin-Bahn-Kopplung und Molekiilorbital-
bildung in t,4-Systemen durch Druck beeinflusst und abgestimmt werden. Dieser Wettbewerb
zwischen Dimerbildung und Magnetismus Spin-Bahn gekoppelter Momente scheint ein uni-

verselles Merkmal der Kitaev-Materialien zu sein.



Starke nichtkubische Kristallfelder konnen auch den Spin-Bahn verschrankten J.g =
1/2-Zustand storen. Pyrochlor-Iridate enthalten trigonal komprimierte Oktaeder und das
trigonale Kristallfeld ist bis zu 0.3 eV grof}, mehr als halb so grofy wie die Spin-Bahn-Kopplung.
Waihrend Pyrochlor-Iridate als Plattform fiir nicht-triviale topologische Zustande dienen,
ist der Magnetismus und die Robustheit des J.g = 1/2-Zustandes in Pyrochlor-Iridaten mit
starker trigonaler Verzerrung weitgehend unerforscht. Mit der Hochdruck-Synthesetechnik
haben wir ein neues Pyrochlor-Iridat In,Ir,O; mit der bisher groiten trigonalen Verzerrung
der IrO4-Oktaeder unter den Pyrochlor-Iridaten entdeckt. Uberraschenderweise beherbergt
In,Ir;O7 im Gegensatz zu anderen Pyrochlor-Iridaten und trotz des gréten nichtkubischen
Kristallfeldes einen nahezu puren Jog = 1/2-Zustand. Unsere Bandstrukturberechnungen
deuten darauf hin, dass ,Intersite-Hopping®, welches bei anderen Pyrochlorid-Iridaten recht
grof} ist, eine zentrale Rolle bei der Vermischung der J.g-Zustiande spielt. Was In,Ir,O7 jedoch
einzigartig macht, ist die kovalente In-O-Bindung welche die Ir-5d/O-2p-Hybridisierung
reduziert. Dies unterdriickt das ,Intersite-Hopping“ und die Vermischung der J = 1/2- und
Jef = 3/2-Zustande. Daher ist eine kovalente A-O-Bindung ein mégliches Rezept fiir die

Stabilisierung eines nahezu reinen Spin-Bahn verschrankten Zustands.

Fiir Ruthenate mit d*-Konguration wird vorhergesagt, dass sie einen J.q = 0-Zustand
beherbergen und exzitonischen Magnetismus tiber angeregte J.¢ = 1-Zustande aufweisen
konnten. Viele Ruthenate bilden jedoch Molekiilorbitale aus und diejenigen, die dies nicht
tun, z.B. Pyrochlorruthenate, werden als S = 1-Magnete diskutiert, bei denen der orbitale
Freiheitsgrad durch grofie Verzerrung ausgeldscht oder zumindest unterdriickt ist. Ein Pyro-
chlorruthenat Tl,Ru,0; bildet jedoch einen exotischen nichtmagnetischen Grundzustand mit
Orbitalordnung. Der besondere Zustand von Tl;Ru,;0O7 unter den Pyrochlorruthenaten wird
im Zusammenhang mit der kovalenten TI-O-Bindung diskutiert. Angesichts des Einflusses der
kovalenten In-O-Bindung auf den elektronischen Zustand in In,Ir,O; und des wahrscheinlich
ahnlichen Charakters der T1-O- und In-O-Bindungen, wurde ein neues Pyrochlorruthenat
InyRu, 07 synthetisiert. InyRu, 07 ist ein einzigartiges Pyrochlorruthenat, das sowohl einen
Spin-Bahn verschriankten Grundzustand als auch Molekiilorbitale aufweist. Bei hohen Tem-
peraturen spaltet und vermischt das nichtkubische Kristallfeld zwar die J.g-Zustinde, aber es
kann den Bahndrehimpuls nicht vollstandig ausléschen, und ein Spin-Bahn verschrankter
Singulett-Grundzustand wird realisiert. Mit abnehmender Temperatur durchlauft In,Ru,0;
mehrere Strukturiibergiange, die die elektronische Struktur weitgehend verdandern, und der
Spin-Bahn verschrinkte Singulett-Zustand kollabiert. Das Kristallgitter verzerrt sich stark,
und einige Ru-O-Ru-Winkel nehmen von ~ 125° auf fast ~ 160° zu - nahe an die Ru-O-Ru
180°-Bindungsgeometrie. Infolgedessen bilden sich quasi-isolierte nichtmagnetische Ru,O-

Einheiten auf dem Pyrochlor-Gitter. Diese dienen als erstes Beispiel eines nichtmagnetischen



,Orbitalmolekiils*, an dem auch das O?~ Anion beteiligt ist. Es wird angenommen, dass das
unterschiedliche Verhalten von In,Ru,07 im Vergleich zu anderen Pyrochlorruthenaten durch
die Bindungsdisproportionierung des kovalenten In-O-Netzwerks verursacht wird.

Diese Arbeit zeigt, dass Ubergangsmetallverbindungen, bei denen eine starke Spin-Bahn-
Kopplung mit den anderen elektronischen Parametern konkurriert, eine Vielzahl exotischer
elektronischer Phasen aufweisen. Durch die Wahl der Elektronenzahl, des kristallinen Gitters
und der Energieskala der verschiedenen Wechselwirkungen kann der Grundzustand zwischen
Spin-Bahn verschriankten Zustidnden, Orbitalordnungen oder ,Orbitalmolekiilen getrieben
werden. Die A-O-Kovalenz des konstituierenden nichtmagnetischen Kations hat sich als ein
wichtiger Faktor bei der Stabilisierung sowohl der Spin-Bahn verschréankten Zustande als
auch der ,,Orbitalmolekiil“-Phasen erwiesen. Die Erforschung und Synthese neuer Materialien
unter Beriicksichtigung dieses Faktors dient als spannender Ansatz fiir die Entdeckung neuer

exotischer elektronischer Phasen.






Abstract

Transition metal oxides exhibit a variety of exotic phenomena such as superconductivity or
colossal magnetoresistance. Those phenomena are usually driven by interplay of charge, spin
and orbital degrees of freedom of correlated electrons on a crystalline lattice. Mott insulating
transition metal oxides with partially filled d orbitals host orbital degeneracy, which is a
source of exotic electronic states such as orbital ordering, molecular orbital formation and
spin-orbital entanglement. The competition between those effects becomes interesting in 4d
and 5d systems as many interactions, which govern those mechanisms, meet on the same
energy scale. In 4d and 5d materials the d orbitals are more spatially extended as compared to
3d orbitals, which results in reduced correlation U and hence Hund’s coupling Ji; as well as
enhanced intersite hopping t. Non-cubic crystal field also has more drastic consequences for
the large d orbitals. Most importantly, due to heavier nuclei in 4d and 5d elements spin-orbit
coupling is of the order of hundreds of meV and competes with the other interactions. The
subtle competition of various energy scales in heavy-transition-metal materials can be tuned
by varying temperature, pressure or chemical substitution. In this thesis, three materials
are investigated in context of competition between spin-orbit coupling, molecular orbital

formation and non-cubic crystal field.

B-LiyIrOs is a honeycomb-based Kitaev material with a spin-orbital entangled Jog = 1/2
state at ambient conditions. At high pressures, the J.g = 1/2 magnetism is suppressed and a
structural transition takes place. f-LiyIrO; comprises edge-sharing IrO¢ octahedra. At high
pressures, the crystalline lattice shrinks and the direct d-d hopping across the edge likely
competes with the otherwise dominant indirect d-p-d hopping. With neutron diffraction,
RIXS and band structure calculations we find that at high pressures the J.g = 1/2 state
collapses and Ir, dimers with molecular orbital formation emerge. Therefore, the competition
between spin-orbit coupling and molecular orbital formation in 55 systems can be tuned by
pressure. Such competition between dimers and spin-orbital entangled magnetism seems to

be a universal feature of Kitaev materials.

Strong non-cubic crystal field also can disturb the spin-orbital entangled J.g = 1/2 state.
Pyrochlore iridates contain trigonally compressed octahedra and the trigonal crystal field
is as large as 0.3 eV which is more than half of the spin-orbit coupling magnitude. While
pyrochlore iridates serve as a platform for non-trivial topological states, the magnetism and

validity of the J.g = 1/2 state is unexplored in pyrochlore iridates in the limit of large trigonal



distortion. With high pressure synthesis technique, we discovered a new pyrochlore iridate
In,Ir,O; with the largest trigonal distortion among pyrochlore iridates. Surprisingly, In,Ir,O;
hosts a nearly pure J.g = 1/2 state in contrast to other pyrochlore iridates and despite the
largest non-cubic crystal field. Our band structure calculations indicate that intersite hopping
plays a central role in mixing of the J. states, which is quite large in other pyrochlore iridates.
However, what makes In,Ir,O; unique is the covalent A-O bond, which in turn reduces
Ir-5d/O-2p hybridisation. This suppresses the intersite hopping and Jeg = 1/2-Jeg = 3/2
mixing. Therefore, the covalent A-O bond is one possible recipe for stabilising a nearly pure
spin-orbital entangled state.

Ruthenates with d* configuration are predicted to host a J.¢ = 0 state and exhibit excitonic
magnetism via excited J.g = 1 states. However, many ruthenates undergo molecular orbital
formation, and those that do not, for example pyrochlore ruthenates, are discussed to be
S = 1 magnets where the orbital degree of freedom is quenched by large distortion. However,
one pyrochlore ruthenate Tl,Ru,O7 forms an exotic non-magnetic ground state with orbital
ordering. The distinct state of Tl;Ru;0; among pyrochlore ruthenates is discussed to be
related to TI-O covalency. Given the likely similar character of Tl-O and In-O bonds and
the impact of In-O covalency on the electronic state identified in In,Ir,O7, we synthesised
a new pyrochlore ruthenate In,Ru;O7. In;Ru,0O7 is a unique pyrochlore ruthenate that
represents both spin-orbital entangled and molecular orbital limits. At high temperatures,
while the non-cubic crystal field splits and mixes the J.¢ states, it fails to fully quench orbital
moments, and a spin-orbital entangled singlet is identified as the ground state. With decreasing
temperature, In,Ru,O; undergoes several structural transitions which largely modify the
electronic structure and the spin-orbital entangled singlet state collapses. The crystalline
lattice strongly distorts, and some Ru-O-Ru angles increase from ~ 125° to nearly ~ 160°,
which brings the Ru-O-Ru link close to the 180° bond geometry. As a result, semi-isolated
non-magnetic Ru,O units form on the pyrochlore lattice, serving as a first example of a
non-magnetic orbital molecule involving the O®~ anion on top of pyrochlore lattice. The
distinct behaviour of InyRu, 07 as compared to other pyrochlore ruthenates is believed to be
caused by the bond disproportionation of the covalent In-O network.

This thesis demonstrates that transition metal compounds, where strong spin-orbit cou-
pling competes with the other electronic parameters, offer a plethora of exotic electronic
phases. By selection of electron count, crystalline lattice and energy scales one can tune the
ground state between spin-orbital entangled states, orbital ordering or orbital molecules. A-O
covalency of constituent non-magnetic cation has been proven to be an important player
in stabilisation of both spin-orbital entangled and orbital molecule phases. Exploration and
synthesis of new materials, with taking this factor into account, serves as an exciting approach

for stabilising new exotic electronic phases.



Chapter 1

Introduction

11  Transition metal oxides

Transition metal oxides (TMOs) contain the elements from the d-block of the periodic table of
elements and their behaviour is governed by the partially filled d orbitals. Spatially compact
d orbitals lead to large electron-electron repulsion and hence most transition metal oxides
fall into a class of strongly correlated materials. Such localised d electrons feature charge, spin
and orbital degrees of freedom (DOF), which couple with each other and to the crystalline
lattice. The electron correlations operate with other energy scales on the crystalline lattice,
which leads to a variety of exotic phenomena, such as high-temperature superconductivity
in cuprates [1], metal-insulator transitions in vanadates [2], colossal magnetoresistance in
manganites [3-5], quantum critical behaviour [6] and many more. These phenomena exhibit
high susceptibility to external tuning, such as by doping, pressure, strain or magnetic field.
In the most prominent class of TMOs, the layered perovskite cuprates, superconductivity

emerges upon hole or electron doping [1] and a variety of other phases emerge depending
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® Figure 1.1. The periodic table of elements.



B Figure 1.2. A cartoon illustrating the interplay of charge, spin and orbital degree of freedom on the
crystalline lattice.

on temperature and the level of doping [7]. In perovskite manganites, tuning the level of
hole doping leads to a variety of charge, orbital- or spin-ordered phases [4]. Those exotic
physical properties and their sensitivity to external perturbations, as well as appreciable
abundance and relatively uncomplicated synthesis of many TMOs, has generated a wealth of
research activity in strongly correlated materials for industrial applications as well as basic

understanding of physical phenomena.

1.2 Mott insulators with multiple degrees of freedom

The behaviour of many metallic transition metal compounds can be understood within the
framework of the Fermi liquid theory, where the effects of electron-electron interactions
are embedded in the concept of “quasiparticles”, which can be treated like electrons with
parameters modified by the interactions [8]. However, in many transition metal oxides the
interactions between electrons lead to a breakdown of the Fermi liquid picture. This originates
from the fact that d orbitals are much more spatially compact as compared to s and p orbitals
comprising the valence states of simple metals (Fig. 1.3(a)). The consequences of the electron-
electron repulsion can be understood by considering a system with one electron per site.
Electron hopping, which is necessary for formation of a band, to a site already occupied
by another electron costs Coulomb repulsion energy U as shown in Fig. 1.3(b). This can be

expressed in terms of the Hubbard model [9]:

H=-t Z c;rdcj(, + UZ nipn;| (1.1)
i

(ij).0
T

where ¢ is the hopping integral between neighbouring sites i and j with spin o, ¢;  and c;, are
the creation and annihilation operators, respectively, and n;; is the electron density operator,
where n;, = c;cio. The first term describes the electron hopping from site to site which

leads to formation of an energy band (the kinetic term), while the second term describes
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m Figure 1.3. (a) The probability density distribution of the hydrogen electron for principal quantum
number n = 3. r2yy*dr corresponds to the probability of finding the electron in the spherical shell of
thickness dr at a distance r from the nucleus. Reproduced from Ref. [12]. (b) Hopping of an electron
from one site to another costs U due to electron-electron repulsion. (c) Diagram of the energy bands in
the Hubbard model in eq. 1.1 as a function of the strength of electron-electron repulsion U. UHB, LHB
and N correspond to upper- and lower-Hubbard band and number of states, respectively. Reproduced
from Ref. [13].
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the Coulomb repulsion of electrons at the same site (the correlation term). Bandwidth W
is proportional to t. In Fig. 1.3(c), if one starts from non-interacting regime, that is, U = 0,
the system is metallic. Above a critical value of U/t (where U > W), the system undergoes
a metal-to-insulator transition (MIT), where a gap opens. The higher-lying empty and the
lower-lying full band are referred to as the upper Hubbard band and lower Hubbard band,
and the insulator produced is called a Mott or a Mott-Hubbard insulator [10]. The MIT as a
function of U/t is called a Mott transition [11], and in general the most interesting phenomena
occur in the vicinity of that transition. The transition depends on the details of the system
such as band structure, electron filling fraction or other external forces.

Therefore in Mott insulators the charge degree of freedom of d electrons is quenched.
However, the localised electrons feature other degrees of freedom, namely, spin and orbital.
The spin DOF usually dominates the low-energy excitations of Mott insulators and gives rise
to a variety of exotic magnetic properties. The orbital degree of freedom is associated with the

different possible occupation of the five-fold d orbital manifold discussed in the next section.

1.3 Orbital degree of freedom of d electrons

In TMOs, the transition metal ions are often surrounded by an octahedron of oxygen atoms,
which is denoted as BOg octahedron shown in (Fig 1.4(b)). The originally 5-degenerate d

orbitals with angular momentum [ = 2; [* = 2,1, 0, —1, —2 are subject to a cubic crystal field



(a) metal ion in cubic field
o metal ion in spherically /"~ 4 9
=) o symmetrical field +0.6 4,] 4,
I3 metal ion in —
Lﬁ free space

W Figure 1.4. (a) The splitting of d orbitals under cubic crystal field Ag generated by ligands in octahedral
coordination shown in (b). (b) The transition metal B surrounded by octahedral arrangement of point
charges originating from O?~ anions. (c) toq orbitals. (d) ey orbitals.

and are split into triply-degenerate t,, and doubly-degenerate e, manifolds, which point away
from and towards the ligands, respectively. The energy of the lower triplet is —%Ao = —-4Dq
while the energy of the higher-lying doublet is +%AO = +6 Dq as shown in Fig 1.4(a). The

resulting wavefunctions can be expressed as linear superpositions of |I, [?):

dey = —(12,2) — 2, -2))
Y \F dspe_2 ~dpz =12,0)
tZg : dxz = _$(|2’ 1) - |29 _1>) eg : (12)

dy_yp = %(|2, 2) + 12, -2))

dy: = (12, 1) +12,-1))

Those are depicted in Fig 1.4(c) and (d). For an isolated ion, the orbital momentum [ is
quenched for e, states. It is clear that d orbitals are highly anisotropic, and should therefore
be very sensitive to the lattice geometry.

d orbitals on a crystalline lattice

Properties of TMOs largely depend on the arrangement and connectivity of the constituent
atoms, that is, the crystal structure. Known crystal structures can generally be considered
as arrangements of building blocks of simple metal oxide polyhedra, such as BOg octahedra.

The most common type of BOg connectivity is corner-sharing with 180° B-O-B bonds and



(b)

B Figure 1.5. (a) Examples of orbital overlap in the corner-sharing geometry. (b) Examples of orbital
overlap in the edge-sharing geometry. (c) The perovskite structure. The grey, green and red spheres
correspond to the magnetic B, the constituent A and O atoms, respectively. (d) A fragment of the spinel
structure. The grey and red spheres correspond to the magnetic B and O atoms. The B atoms form a
frustrated pyrochlore lattice.

edge-sharing with 90° B-O,-B bonds shown in Fig. 1.5(a) and (b). In the former, the hopping
of electron from one transition metal ion to another occurs via the O 2p orbitals (indirect
d-p-d hopping), while in the latter the hopping through direct overlap of d orbitals (direct
d-d hopping) and the one mediated by O 2p orbitals (indirect d-p-d hopping) through the 90°
path are possible. One of the best known, as well as versatile, structures hosting octahedral
corner-sharing network is a simple perovskite ABO3; shown in Fig. 1.5(c), which consists of
corner-sharing BO4 octahedra intercalated by constituent cations [14]. For edge-sharing BOg, a
prominent structure is that of a spinel AB,O4 which hosts a geometrically frustrated pyrochlore
network of B cations. A brief review of crystal structures can be found in Appendix A. As will
be discussed below, the polyhedral connectivity as well as global lattice geometry on which

the anisotropic d orbitals operate, play a critical role in fostering the properties of TMOs.

1.4 Quenching of orbital degree of freedom - orbital ordering

d levels which are neither full nor half-filled host orbital degeneracy which must be lifted
upon reaching zero temperature. Such systems can gain energy by breaking cubic (or other)

symmetry of the BO4 octahedron and reducing the electrostatic repulsion between the d
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arrows show the local z axis for each BO4 octahedron. (d) The spin-orbital order in the perovskite
KCuFs. (e) The one-dimensional nature of the spinel structure. The three t,, orbitals and the bonds
relevant for their direct overlap are shown in the same colours: dy, dx and d ; have direct d-d overlap
along chains running in the (110)/(110), (101)/(101) and (011)/(011) directions, respectively. (f) The
spin-orbital order in the spinel MgV,0y4. d. orbital is occupied on each site. On the bottom fragment
only dy, orbitals are shown, while on the top fragment only d., dy. orbitals are shown.

electrons and negatively charged O atoms. This stabilises a particular orbital and is called
the Jahn-Teller (JT) effect [15]. The ions which have an electron configuration allowing
the Jahn-Teller distortion are called Jahn-Teller active. Such phenomenon on the crystalline
lattice where the BOg4 octahedra collectively distort and stabilise certain orbitals (orbital
order) is termed a cooperative Jahn-Teller effect. One of the simplest and most prominent
types of distortion is tetragonal, where one of the three local axes becomes unique by either
compression or elongation with respect to the other two axes. In Fig. 1.6(a), if an isolated BOg
octahedron is tetragonally elongated, the d,, and dy, as well as d,. are lower in energy within
the t54 and e, manifolds, respectively. Fig. 1.6(b) shows the case of tetragonal compression,
where both f,, and e, states split and d, as well as d,2_,2 is stabilised, respectively. Whether
the system picks compression or elongation depends on the electron count, orbital filling and
the lattice geometry.

Let us first examine an isolated BO¢ octahedron with partially filled e, orbitals, for ex-
ample perovskite KCuF; which contains Cu?* with d’ configuration. One hole with orbital

degeneracy resides within the e; manifold. Locally, energy is gained and degeneracy is



lifted by tetragonal elongation, where the d,. orbital is stabilised and fully occupied with the
hole now residing in the d,2_,2 orbital. The cooperative distortion on the crystalline lattice
occurs at high temperatures and produces tetragonally elongated CuF4 octahedra with the
local z axes perpendicular to each other for all nearest neighbours, which is illustrated in
Fig. 1.6(c). It follows from the Goodenough-Kanamori-Anderson (GKA) rules that large and
small overlaps of orbitals between neighbouring cations produces antiferromagnetic (AFM)
and ferromagnetic (FM) coupling, respectively [16—18]. This produces long-range magnetic
order at low temperatures with FM layers within the ab plane due to weak overlap that are
coupled antiferromagnetically due to strong overlap along c in Fig. 1.6(d).

In e, systems, typically the JT cooperative distortion takes place at high temperatures,
while the long-range magnetic order governed by the orbital configuration emerges at low
temperatures [13]. While such phenomena are also found in the partially-filled t,, systems, it
is more complicated due the remaining unquenched orbital degeneracy of the d,, d,, doublet
following the JT distortion. In some cases, the JT-driven orbital order takes place at higher
temperatures and is followed by long-range magnetic order which additionally quenches the
remaining orbital degree of freedom at lower temperatures. In systems with a geometrically
frustrated lattice, quenching of spin and orbital DOF may be coupled to relieve the magnetic
frustration. Such intertwined spin- and orbital orders are indeed observed in vanadate spinels
such as MgV,04 with V3* ion and d? electron count [19, 20]. The spinel structure illustrated in
Fig. 1.6(e) can be seen as a combination of three types of 1D chains along which direct overlap
of dyy, dy; or dy, orbitals is most favoured. With decreasing temperature, MgV,04 undergoes
a structural transition with tetragonal compression and orbital order. The proposed orbital
ordering pattern is that the d,, orbital is filled on all V3* jons while dy, and dy, orbitals are
filled in the alternate chains running along (110) and (110) directions, respectively (Fig. 1.6(f)).
The orbital ordering pattern of AV,0, spinels (A = Mg, Zn, Cd) has not been fully clarified
yet and several scenarios and underlying mechanisms have been proposed so far [20-24].

As discussed above, partially-filled t,, orbitals may exhibit complex behaviour due to
residual unquenched orbital degree of freedom. In fact, vanadate perovskites AVO3 with d?
configuration stabilise several spin-orbital ordered patterns depending on the A cation and
temperature [25]. Similarly to the vanadate spinels, the orbital ordering and spin ordering
take place separately with decreasing temperature. Interestingly, perovskite LaTiO3 with d*
configuration does not undergo a clear JT-type distortion and exhibits only very weak tilting
of TiO4 octahedra [26]. It has been discussed that the coupling of the #,, states to the lattice

is very weak and strong orbital fluctuation takes place [27].
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(b) Orbital order found in LiVO, [28]. The three colours of t,, orbitals represent dy, dy, and dy,
orbitals. Left: fragment of LiVO, lattice showing edge-sharing V-O-V links and the t,, orbital overlap
between sites. Right: The orbital pattern with only the triangular lattice of V atoms shown. The total
spin of each trimer is Syt = “1 + 1+ 1”7 = 0. (c) Orbital order found in MgTi;Oy4. Left: the helical
dimerised chains of Ti atoms [29], where the blue and red lines correspond to long and short dimer
bonds, respectively. Right: the orbital order [29-31] with one helical chain marked. (d) One possible
explanation of the observed orbital order. Top: the tetragonal compression brings d,, and d, , orbitals
closer together. Bottom: the overlapping dy, and d,, orbitals form a broad band, while the d,, orbital
forms a narrow empty band located above the Fermi level. The resulting (dx.d,)-derived band is 1/4
full, and leads to a Peierls distortion in forms of tetramerisation.

1.5 Orbital molecules on a crystalline lattice

JT-assisted orbital order is not common in t;, systems as compared to e, systems and is often
complicated once it occurs [13]. It appears that orbital-degenerate ¢y materials prefer yet
another way of releasing orbital entropy [32]. The t,, orbitals point away from the ligands
comprising the anion cage and in some lattice geometries, such as face- or edge-sharing (the
latter shown in Fig. 1.5(b)), a direct overlap of d orbitals between neighbouring sites is favoured.
While in some cases orbital preference is inherent from the low-dimensionality of the crystal
structure such as face-sharing octahedra forming trimers in BayRu30;¢ [33], the system may
form strong covalent bonds between transition metal ions via distortion of an otherwise

isotropic lattice. Often such a structural transition is accompanied by a metal-to-insulator



transition and a sharp drop in magnetisation, which below the transition temperature is
suppressed to nearly zero. This is associated with a formation of a non-magnetic state with a
cluster-like motif of transition metal ions. The non-magnetic cluster-like state can be viewed
as a molecular orbital formation of d electrons, i.e. “orbital molecule” [34]. The molecular
orbital formation stems from strong overlap for hopping ¢ and thus “metallicity” within the
molecular cluster, where bonding and antibonding molecular orbitals are formed and the
electrons from the molecule sites fill the molecular orbitals (Fig. 1.7(a)), usually rendering a
band insulator. We note that the formation of a molecular orbital is distinct from spin-singlet
state in a strong electron repulsion U limit. In a spin-singlet state, the d electrons are localised
at each site and the non-magnetic state generates a spin singlet-triplet gap. On the other
hand, for the orbital molecules, the transition metal ions form covalent bonding-antibonding

molecular orbitals and the electrons are delocalised along the bond.

Non-magnetic orbital molecules are common in transition metal compounds, where the
formation of metal-metal dimers is found, such as in rutile VO, [35], or spinels MgTi,O4 [29]
and Culr,S, [36]. In some cases, even larger molecular clusters can be formed, such as trimers
in triangular lattice of LiVO, [28], tetramers in layered CaV4Oq [37] or even heptamers in
spinel AlV,04 [38] (however, recently it was discussed that tetramers and trimers are formed
instead [39]). The global arrangement of the molecular clusters on top of the crystalline lattice
can sometimes be easily rationalised, for example in 2-dimensional LiVO, with triangular
lattice of V** ions with d? electron count. As illustrated in Fig. 1.7(b), LiVO, comprises
corner-sharing VOg octahedra and hence the V-O;-V link favours the direct overlap of t,,
orbitals. 2 electrons per site require that each site participates in two strong bonds, and
conveniently, for each site two ty4 have large overlap along two V-V bonds. As such, at low
temperatures isolated trimers form, where orbital ordering of three sublattices occurs and

each V site participates in two strong bonds with molecular orbital formation.

On the other hand, the spinel MgTi,O, with pyrochlore lattice of Ti** with d* electron
count shows a complicated dimer pattern which can be viewed as dimerised helical chains
running along the crystallographic ¢ axis as depicted in Fig. 1.7(c). The complicated pattern
can be accounted for with the Kugel-Khomskii model [40] (which couples the spin and orbital
degrees of freedom) and magnetoelastic coupling considerations [30, 31] for the cubic crystal
structure without dimer formation. On the other hand, a band approach proposed by Ref. [41]
with already applied tetragonal compression utilises the Peierls instability [30, 31], which
is illustrated in Fig. 1.7(d). The tetragonal compression stabilises d, orbital, while as the
other two ty, orbitals move closer to each other, they form a broad band which crosses the
narrow d,, band. Therefore the d,.-d,, bands are quarter-filled. In the metallic picture, the

Peierls instability would trigger a dimerisation pattern of n'™ periodicity for d'/* electron
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filling of a band [42, 43]. Indeed, along the 1D chain direction every fourth Ti-Ti bond is
dimerised, which is consistent with 1/4-filled band and tetramerisation. If charge degree of
freedom is added on a frustrated lattice, the generated pattern can be even more complicated.

3-5* oxidation state and d°-° electron count undergoes a simultaneous

Culr,S, spinel with Ir
charge order and spin singlet/molecular orbital formation with orbital order accompanied
by a structural distortion. The complicated pattern of Ir-Ir dimers is discussed to form an

octamer [36].

1.6 Spin-orbital entanglement of d electrons

When t,, orbitals are partially filled, another interaction, spin-orbit coupling (SOC), may
dominate the electronic structure. Spin-orbit coupling is a relativistic effect stemming from
the motion of the electron around the nucleus, which entangles the spin S and orbital L

angular momenta into total angular momentum J = S+ L. The strength of spin-orbit coupling



{ for outer electrons scales with the atomic number Z as { ~ Z2. In the 3d-based TMOs
discussed so far, spin-orbit interaction is of the order of tens of meV, which is small compared
to other parameters, such as Hund’s coupling Ji; or non-cubic crystal field, and can therefore
be treated as a perturbation while S and L remain good quantum numbers of the Hamiltonian.
However, this is not the case for 4d and 5d elements, where { can be as large as 0.5 eV and is
of the order of Coulomb repulsion U ~ 1 — 2eV and electron hopping t ~ 1eV. Therefore,
spin-orbital entanglement becomes one of the dominant energy scales in 4d- and 5d-based
TMOs which governs the energy level splitting and competes with the JT and molecular
orbital degeneracy-lifting mechanisms.

The spin-orbit interaction can be expressed as follows:
Hsoc = Z Gili - si (1.3)
i

where {, I and s are the strength of spin-orbit interaction, orbital angular momentum and
spin angular momentum, respectively, for an electron i. The spin-orbital entangled J can
be formed by starting from two limits: the Russell-Saunders (LS) scheme and jj scheme.
If { > Jy, that is, when the strength of spin-orbit interaction for each electron exceeds
that of the electrostatic interaction between them, the jj scheme applies. The orbital I and
spin s angular momenta combine for each electron individually as j; = I; + s;, rendering a
lower-lying jeg = 3/2 quartet and an upper-lying jeg = 1/2 doublet which are split by 3/2¢.
The produced energy levels are then filled with individual electrons and their respective j;
combine to give a total angular momentum of the atom, J = }}; j;. If { < Jy, that is, when
the electrostatic interaction between electrons is stronger than the spin-orbit interaction in
each of them, the LS scheme applies. First, the total spin and orbital moments are summed
for the atoms, S = }}; s; and L = }}; I;. Then, the total orbital and spin momenta combine to
produce the total angular momentum J, and the splitting between individual energy levels

depends on the electron filling. The spin-orbit coupling scheme then takes the form:
Hsoc = AsocL - S (1.4)

where Asoc is the total spin-orbit coupling composed of the {; of individual electrons and for

the same shell {; = {:

g
Asoc = £33 (1.5)
where + and — apply for less-than-half-filled and more-than-half filled shells, respectively. In
reality, no material locates strictly in the jj or LS coupling limit, however naively, jj coupling
should be more relevant to the heavier atoms such as Ir, while LS coupling might more
accurately describe the lighter Ru atoms. In this section we discuss the LS coupling for

convenience.



4d and 5d orbitals are more spatially extended as compared to 3d which renders Hund’s
coupling smaller than the cubic crystal field splitting 10 Dq and stabilises low spin states with
only 55 manifold occupied for d", n < 6 electron count. According to the Hund’s rule, there
can be total spin S = 1/2 (d! and d°), S = 1 (d? and d*) and spin S = 3/2 (d*) configurations.
All configurations except orbital singlet d® (which will not be discussed here) host three-fold
orbital degeneracy. By examining how L operates on the t,, states (for the |, [*) notation)
and comparing the matrix elements (t4|L|tz5) to those of p orbitals (p|L|p) (L = 1), one
finds the relation L;,, = —L, [44]. Therefore one can consider an effective orbital moment
Lef = 1 = —Lp. The effective orbital moment reverses third Hund’s rule, such that S and L
are parallel and antiparallel for less- and more-than-half-filled ¢, manifold, respectively. In
Fig. 1.8(a), for d*, d, d* and d° configurations Jog = 3/2, Jogf = 2, Jeir = 0 and Jog = 1/2 states,
respectively, are stabilised [45].

The magnetic moment M = 2S — L. and for d' configuration M = 0 and the Landé factor
gy = 0, rendering J = 3/2 non-magnetic. The gy factors deviate from the spin-only value
gs = 2, which is a manifestation of orbital magnetism, for example for Jof = 2 gy = 1/2 and
for Jog = 1/2 gy = —2. Fig. 1.8(b) illustrates the electron wavefunction shapes for all of the J.g
states. The J.¢ = 1/2 wavefunction has an isotropic shape. On the other hand, the d* and d?
ions are Jahn-Teller active: Jor = 3/2 and Jeg = 2 have varying orbital shapes for different
values of J* and hence are susceptible to distortions. It must be noted that the LS coupling
scheme for d" ions presented in Fig. 1.8 relies on several approximations, such as 10 Dq = oo
and Ji > Asoc. Real materials locate between the LS and jj coupling limit which would
modify the local multiplet structure and the observed excitations. In addition, a finite mixing
between t,, and e, states should take place and split the J.¢ = 2 states.

The spin-orbital entangled states are expected to produce exotic electronic states depend-
ing on the d electron count and type of lattice. For d' and d? ordered double perovskites
with Jeg = 3/2 and J.g = 2 states, respectively, emergence of multipolar order was pre-
dicted [46, 47]. Due to the spin-orbital entanglement of the J.¢ state, the magnetic and electric
interactions can involve coupling of higher-order multipoles such as charge quadrupoles
and magnetic octupoles. The interactions between J.¢ pseudospins may lead to multipolar
order, or a spin-orbital liquid state might be realised in a specific type of lattice [48, 49].
The d* configuration with the magnetically inactive J.¢ = 0 state opens up a possibility of
excitonic magnetism which can lead to exotic ground states on a honeycomb lattice [50].
The d° configuration with J.¢ = 1/2 state is the most explored and established system so
far, as a plethora of novel electronic states is predicted such as Kitaev spin liquid [51], Weyl
semimetal [52] or topological Mott insulator [53]. The d* and d° configurations are the focus

of this thesis and are discussed in more detail below.
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ts ; configuration renders a one-half pseudospin by starting both from LS and jj limits. The
spin-orbital entangled J.¢ = 1/2 wavefunction is composed of quantum superposition of dy,

dy, and dy, orbitals with complex components:

et = 1/2, % = +1/2) = (1/V3)(|duys 1) + ldyz, 1) + i 1diz, 1)), (1.6)
et = 1/2, % = =1/2) = (1/V3)(|dxys L) — |dyz, 1) + i 1diz, 1)), (1.7)

where |Jer = 1/2, J%; = +1/2) and |Jer = 1/2, J%; = —1/2) correspond to up and down pseu-
dospin, respectively. As the J.g = 1/2 wavefunction comprises equal superposition of all three
tog orbitals, it exhibits a remarkably isotropic shape as shown in Fig. 1.8(a). The gyromagnetic
factor g; = —2 giving a magnetic moment of 1 yg which is of the same magnitude as for
spin-only S = 1/2. The negative sign of g; is a signature of unquenched orbital moment
which renders the interactions between J.¢ = 1/2 pseudospins extremely sensitive to the
local lattice geometry [51, 54].

The J.g = 1/2 state was first identified in a layered perovskite SrzIrOy. In this structure,
the 3d and 4d analogues, namely Sr,CoOy4 [55] and Sr,RhO4 [56] are metallic. Naively, the 5d

analogue Sr,IrO4 would be expected to host a metallic state as well due to even more extended



5d orbitals. In contrast, Sr,IrO4, as well as many other complex iridium oxides, is found to be
insulating. SryIrO4 comprises tilted IrO4 octahedra within the layered perovskite lattice and
shows insulating behaviour [57] with a magnetic transition at T = 240 K [58]. The origin of
this unexpected insulating state can be understood by considering the spin-orbit coupling and
moderate electron correlation. In the band picture without SOC and U one finds a partially
filled t,; band of width W as shown in Fig. 1.9. In a typical scenario for 3d TMOs, U > W and
a gap opens. However, for 4d and 5d compounds, the correlation is weaker due to spatially
extended d orbitals and modest U cannot open a gap. However, the large SOC of the order
of ~ 0.4 eV in Sr,IrOy splits the t,; band and forms a distinct half-filled j.g = 1/2 band, and
consequently the jer = 1/2 band is narrow enough to be split by moderate correlation U
into UHB and LHB, producing a spin-orbit “assisted” Mott insulator. In the case of SroRhOy,
the SOC is about three times smaller than that of Sr,IrO,4. As a result, the SOC-produced
jeft = 1/2 and jegr = 3/2 bands are not well separated, resulting in a broad t,; band which is
still too wide to be split by the weak correlation, giving a metallic state. Therefore, the large
SOC is key for understanding the Mott insulating state of Sr;IrO4 and other complex iridium
oxides. The validity of this scenario and the J.¢ = 1/2 state has been directly probed with
angle-resolved photoemission spectroscopy (ARPES) [59] and REXS at Ir L3 and L, edge [54].

Interestingly, the essential ingredients for high-temperature superconductivity in cuprates
are believed to be spin one-half Heisenberg AFM on a 2D square lattice in the parent com-
pounds [60] and strong exchange couplings [61], and Sr,IrOy is a material that also comprises
those components [62]. Therefore, it has been predicted that Sr,IrO4 could be tuned towards
superconductivity with doping (left of Fig. 1.10) [63-65]. Indeed, a pseudogap opens in SryIrOy4
upon electron doping [66], however further evidence of the possible superconductivity is lack-
ing. Nevertheless, experimental verification of a spin-orbital entangled one-half pseudospin
motivated research activity on J.g = 1/2 materials with lattices other than quasi-2D layered
perovskite. Jo = 1/2 honeycomb and pyrochlore lattices are of broad interest due to possible
realisation of novel electronic states. For example, materials with J.g = 1/2 pseudospin
are predicted to be realisation of condensed-matter-analogues of exotic particles relevant to

high-energy physics such as Majorana or Weyl fermion.

Jackeli and Khaliullin proposed that Ir** ions with J.¢ = 1/2 state in edge-sharing geome-
try embedded in a quasi-2D honeycomb lattice is a possible realisation of Kitaev quantum
spin liquid (QSL) [51]. Kitaev QSL is a novel type of QSL based on ferromagnetic anisotropic
couplings, which is exactly solvable if one maps electrons into Majorana fermions with bond-
dependent interactions (middle of Fig. 1.10). Material candidates for realisation of Kitaev QSL
called “Kitaev materials” are a, f-A;IrO3 honeycomb-based compounds as well as ¢-RuCls.

While the importance J.g = 1/2 spin-orbital entangled state and bond-dependent ferromag-
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m Figure 1.10. Zoo of Jor = 1/2 complex iridium oxides. The bottom part shows the lattice of Ir
atomsvonly. Left: 180° corner-sharing geometry embedded in a quasi-2D square lattice renders
Heisenberg-like pseudospin one-half antiferromagnet. Superconductivity (SC) is predicted upon
doping. Middle: 90° edge geometry embedded in a quasi-2D honeycomb lattice, for which Kitaev QSL
is predicted, and in a hyperkagome lattice, a 3D lattice with triangular motif which a S = 1/2 quantum
spin liquid candidate. Right: ~ 130° corner-sharing geometry embedded in pyrochlore lattice, for
which Weyl semimetal is predicted.

netic exchange has been established in Kitaev materials, the pure Kitaev QSL state remains to
be identified [67]. Substantial efforts have been made in tuning these systems towards a QSL
with doping and application of pressure or magnetic field. Surprisingly, in search for a QSL a
competing state of molecular orbital has been identified under high pressure. The nature of
the pressure-induced state in the 3D Kitaev material $-Li,IrOs is explored in chapter 3.

Interestingly, it appears that another edge-sharing Ir**-based oxide shows competition
between QSL and molecular orbital phases. In hyperkagome NayIr;Og (middle of Fig. 1.10,
refer to Appendix A for detail on crystalline lattice), the geometrical frustration prevents the
system from ordering and likely stabilises a QSL state of localised S = 1/2 moment despite
strong AFM interaction [68]. Upon doping with 1/3 of holes per Ir site with removal of
some Na sites, Na3Ir;Og becomes semimetallic [69]. The semimetallic state is proposed to
arise from competition of molecular orbital formation within the Ir; triangles and spin-orbit
coupling [69].

Another common polyhedral corner-sharing Ir-O-Ir link with ~ 130° geometry is found
in geometrically frustrated pyrochlores (Appendix A). Pyrochlore iridates are expected to
realise an exotic Weyl semimetal (WSM) state for intermediate correlation strength [52].
Pyrochlore iridates A;Ir,O; show an MIT as a function of the ionic radius of A and hence
evidence promising tunability. However, no clear evidence of WSM has been identified to date

despite exhaustive studies in the metallic regime of pyrochlore iridates [70]. IrO¢ octahedra
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m Figure 1.11. (a) Top: a cartoon illustrating magnetic coupling between excited states. Bottom: 1D
bond-dependent couplings of triplon states on a honeycomb lattice are denoted with different colours.
(b) Strong trigonal compression (top) quenches the orbital degeneracy of a ;, p configuration. The red
line is the compression axis along which the new z’ axis in the trigonal coordinate system lies.

comprising the Ir pyrochlore lattice are strongly trigonally distorted, such that the trigonal
crystal field is of the order of SOC. The impact of the trigonal distortion on the spin-orbital
entangled J.g = 1/2 state has not been greatly addressed, and its impact on the local electronic

states as well as intersite hopping is investigated in a new material In;Ir,O7 in chapter 4.

1.6.2 Jo.g = 0 Mott insulators

The Jo = 1/2 state can give rise to a variety of exotic electronic phases on different types of
lattices. Another route for a novel ground state is J.¢ = 0 state with tgg configuration. Not
much exciting physics emerges from a non-magnetic singlet, however if the magnetic coupling
between the excited states can overcome the excitation gap, the excited J.¢ = 1 moments are
expected to form a long-range magnetic order called “excitonic condensate” (Fig. 1.10(a)). In
addition, if one maps the Jo¢ = 1 triplet into three “triplons” with bond-dependent interactions
on a honeycomb lattice, exotic spin liquid state may be realised [50].

Some candidate J.g = 0 5d-based materials have been reported to show singlet magnetism,
implying that the gap between Jo¢ = 0 and Jeg = 1 states is too large to allow for the
condensation of the excited states. Therefore, a 4d ion such as Ru** could be a promising
candidate for excitonic magnetism. However, several ruthenates, such as honeycomb Li;RuO3
and pyrochlore Tl;Ru;07, form non-magnetic molecular clusters at low temperatures. On the
other hand, ruthenates that do show long-range magnetic order, for example other pyrochlore

ruthenates, have not been discussed in the context of excitonic magnetism. Instead, it has been



suggested that the orbital degree of freedom is quenched by trigonal or tetragonal distortion
rendering a spin-only S = 1 moment. In the absence of SOC, trigonal compression splits the
g states into lower-lying a14 singlet and upper-lying e} doublet, where 4-electron filling gives
an orbital singlet (algze;2 configuration) as shown in Fig. 1.10(b). Exciton condensation of a d*
material was only discussed in a layered perovskite ruthenate recently [71, 72], suggesting that
the orbital magnetism can survive despite distortion. In addition, the dimerisation in Li,RuOs;
can be suppressed by ion substitution of Li with Ag [73], which indicates that spin-orbital
entangled states compete not only with the non-cubic crystal field, but with molecular orbital
formation as well. Therefore, ruthenates with t; g configuration are an interesting platform
for competition of orbital molecule and spin-orbital entangled states, which is explored in a

new material In,Ru,07 presented in chapter 5.

1.7 Case studies for competition between spin-orbit coupling,

orbital molecules and crystal field

Orbital degeneracy is a source of exotic electronic states such as orbital ordering, molecular
orbital formation and spin-orbital entanglement. The competition between these effects
becomes interesting in 4d and 5d systems as many interactions, which govern these mecha-
nisms, meet on the same energy scale. In 4d and 5d materials the d orbitals are more spatially
extended as compared to 3d orbitals, which results in reduced correlation U and hence Hund’s
coupling Ji; as well as enhanced intersite hopping ¢. Non-cubic crystal field also has more
drastic consequences for the large d orbitals. Most importantly, due to large atomic numbers
in 4d and 5d elements spin-orbit coupling is of the order of hundreds of meV and competes
with the other interactions. In this thesis, three materials are investigated in the context of
competition between spin-orbit coupling, molecular orbital split and non-cubic crystal field.

B-LiyIrOs is a honeycomb-based spin-orbital entangled J.¢ = 1/2 magnet at ambient con-
ditions. At high pressures, the magnetic order is suppressed and a structural transition takes
place. B-Li,IrOs comprises edge-sharing IrO4 octahedra. At high pressures, the crystalline
lattice shrinks and orbital overlap is enhanced. The direct d-d hopping likely competes with
the otherwise dominant indirect d-p-d hopping at high pressures. With neutron diffraction,
RIXS and band structure calculations, we address the impact of the structural transition
on the electronic state of f-Li,IrO5 as well as the validity of the J.g = 1/2 state. We find
that at high pressures the J. = 1/2 state collapses and Ir-Ir dimers with molecular orbital
formation emerge. Therefore, the competition between spin-orbit coupling and molecular
orbital formation in f34 systems can be tuned by pressure.

A strong non-cubic crystal field can also disturb the spin-orbital entangled J.g¢ = 1/2 state.



Pyrochlore iridates contain trigonally compressed octahedra and the trigonal crystal field is as
large as 0.3 eV which is more than half of the spin-orbit coupling magnitude. While pyrochlore
iridates serve as a platform for non-trivial topological states, the magnetism and validity of
the Jog = 1/2 state is unexplored in pyrochlore iridates with large trigonal distortion. Utilising
high pressure synthesis, we discovered a new pyrochlore iridate In,Ir,O; with the largest
trigonal distortion among pyrochlore iridates. We find that In-O bond covalency suppresses
intersite hopping of Ir d electrons and as a result induces a nearly pure J.g = 1/2 state despite
large compression of IrOg in contrast to other pyrochlore iridates. Here it is demonstrated that
the A-O bond covalency of the constituent cation can induce a pure spin-orbital entangled
state.

Ruthenates with d* configuration are predicted to host a J.¢ = 0 state and exhibit excitonic
magnetism via excited J.g = 1 states. However, many ruthenates undergo molecular orbital
formation, and those that do not, for example pyrochlore ruthenates, are discussed to be
S = 1 magnets due to large trigonal distortion silencing the orbital degree of freedom (a? ge;Z
configuration). However, one pyrochlore ruthenate TI;Ru,07 forms a non-magnetic ground
state with orbital ordering. The distinct state of Tl;Ru;O; among pyrochlore ruthenates is
discussed to be related to T1-O covalency. Given the likely similar character of T1-O and In-O
bonds (Fig. 1.1) together with the impact of In-O covalency on the electronic state identified
in InyIr,O7, we synthesised a new pyrochlore ruthenate InRu;07. InyRu,07 is a unique
pyrochlore ruthenate that represents both spin-orbital entangled and molecular orbital limits.
At high temperatures, despite the large non-cubic crystal field, In,Ru; Oy stabilises a likely
non-magnetic spin-orbital entangled singlet state. With decreasing temperature, the singlet
state collapses due to large distortion of In-O network which in turn sparks distortion of the
Ru-O network. On top of the Ru pyrochlore lattice, semi-isolated Ru,O units with molecular
orbital formation emerge. While In-O covalency stabilises a spin-orbital entangled state in
InyIr, Oy, it suppresses the spin-orbit coupling effect in InyRu,0; at low temperatures and

favours an orbital molecule state instead.



Chapter 2

Methods

21 Material synthesis

211 Solid state synthesis

Polycrystalline materials studied in the scope of this thesis are synthesised mostly by a solid
state synthesis method shown in Fig. 2.1. For enhancement of the reaction and maximisation
of the reagent surface contact, powders of reagents are thoroughly ground in an agate mortar
such that the size of the particles is of the order of tens of micrometers, and are subsequently
pressed into a pellet with a pressure of ~ 10 MPa, which is then heated. Usually, impurity
levels can be reduced by repeated grinding and calcination cycles.

Single crystal growths of f-Li,IrO3 and In,Ru,07 were performed by employing a flux
method using a halide salt comprising the same A = Li or In cation as the target compounds

to avoid contamination. Further details are discussed in the relevant chapters.

_—

m Figure 2.1. (a) The powders of the reagents are mixed using an agate mortar. (b) The mixture is
pressed into a pellet using a tungsten carbide 6 mm die. (c) The pressed pellet is placed into a Al,O4
crucible and into a box furnace used for calcination.
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m Figure 2.2. High pressure and high temperature synthesis set up. The Walker module has a water
cooling system. (a) The Voggenreiter press station. (b) The stainless steel wedges located inside the
Walker module which transform the uniaxial pressure generated by the press into octahedral pressure
applied to the WC¢ cubes. (c) The WC¢ assembly surrounding the sample cell. The eight cubes are
held together by fibreglass sheets and have slices of copper foil attached for electrical contact across
the desired direction. (d) The octahedral sample cell that is placed between the eight WC¢ cubes with
truncated corners. (e) Parts of a high pressure cell used for synthesis. (f) Diagram of a cross section of
a high pressure cell.

21.2 High pressure synthesis

In order to access new materials beyond the tolerance factor determined for A, B,O7 pyrochlore
lattice [74], high pressure synthesis depicted in Fig. 2.2 was employed. For generating isotropic
pressure, a multi-anvil Walker module [75] was used, which transforms uniaxial pressure
generated by the 1000 tonne hydraulic press into 8-directional pressure that acts on an
octahedral sample cell. Well mixed powders of reagents are placed in a platinum foil capsule.
After the target pressure is achieved, the capsule is heated by flowing current through the
graphite cylinder via the molybdenum electrodes as shown in Fig. 2.2(e) and (f). The sample
is electrically isolated from the graphite cylinder by a capped boron nitride cylinder. After the

34
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m Figure 2.3. (a) Diagram illustrating the Bragg’s law. (b) Differences between diffraction patterns from
single crystal (top) and polycrystalline (bottom) samples. (c) Comparison neutron b and x-ray f form
factor dependence on 26.

heating period is completed, the sample is quenched by manually switching off the current.

Then, the pressure is slowly decreased down to ambient pressure over 10 hour period.

2.2 Structure determination

Since atoms are periodically arranged in a crystalline lattice, radiation diffracted off these
atoms with a wavelength comparable to the interatomic spacing interacts constructively or
destructively. The periodic arrangements can be described in terms of equally-spaced planes
denoted by the Miller indices hkl with spacing between the planes dpx;. One can then arrive
at the Bragg’s condition illustrated in Fig. 2.3(a):

2dpr Sin @ = nA, (2.1)

where djy, 6, n and A is interatomic spacing denoted by the Miller indices h, k and [, glanc-
ing angle, a positive integer (usually fixed as 1) and the wavelength of the incident wave,
respectively. At certain glancing angles the constructive interference occurs producing high
intensity points known as Bragg peaks, and from equation 2.1 the individual dyk; can be
indexed. The observed Bragg peak position and intensity contains information on the crystal
symmetry, unit cell size and atomic positions, from which the crystal structure can be deduced.
Therefore, diffraction is one of the most common techniques used for structure determination.

Single crystal samples produce a two-dimensional pattern related to the orientation of the
crystal with respect to the indicent beam as shown in Fig. 2.3(b). In polycrystalline samples,
such orientation can be no longer fixed and an average of superpositions of all possible
orientations, where combinations of waves scattered off the symmetry equivalent Miller

indices produce so-called Debye-Scherrer cones. This results in a set of rings in a diffraction



pattern due to overlap of diffraction peaks and thus loss of all information on orientation.
Usually, the obtained 2D pattern of rings is linearised and the data analysed data is a function
of intensity vs angle (20).

Diffraction techniques used in this thesis involved time-of-flight neutron diffraction and
laboratory x-ray diffraction (XRD). While both techniques utilise the same principle outlined
above, there are some fundamental differences between the two. X-ray beams scatter from the
electronic charge in the crystal, while neutrons scatter via nuclear and magnetic interactions
with the atomic nuclei and spin density of the sample, respectively. Neutron diffraction allows
for precise determination of lighter elements in contrast to x-ray diffraction. On the other
hand, some elements are strongly neutron absorbing, and in general neutron experiments
require larger sample sizes and longer counting times since the interactions of neutrons
with the nuclei of the atom are weak. In this thesis, low-resolution x-ray diffraction has
been mostly used in the laboratory for phase identification after synthesis, while the high
resolution x-ray diffraction has been used for structure determination of newly discovered
compounds In,Ir,O; and InyRu,07. Neutron diffraction was used for precise determination
of the positions of the light atoms in the high pressure study of f-Li,IrO5 and for structural
phases identified in In,Ru,O5.

2.21 X-ray diffraction

While there are many synchrotron-based x-ray techniques, x-ray diffraction is also easily
available in a laboratory setting as compared with neutron sources. A diffraction pattern
can be collected in a few minutes or hours, and therefore XRD is a convenient technique
for fast phase identification and quality verification. The scattering cross-section of x-rays
is proportional to Z2, where Z is the atomic number. As a result, the form factor drops off
rapidly for light atoms and the diffraction data is dominated by the heavier atoms comprising

the crystalline lattice. The form factor f is also dependent on the scattering vector q as

45 sin 0

=" (2.2)

and hence f ~ sin 6/A, which leads to a decrease in observed intensity with increasing 26 as
illustrated in Fig. 2.3(c). The scattered x-ray wave is a superposition of all the scattered waves
from individual electrons and the phase shift of scattered x-rays increases with 26 as shown
in (Fig. 2.3(c)).

The instrument used for phase identification in samples studied in this thesis was Bruker

D2 Phaser x-ray diffractometer with Cu,, radiation unless specified otherwise.
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m Figure 2.4. Scattering of a plane wave of neutrons (¥j,c, blue) of a point scatterer into a spherical
wave (¥, red) into solid angle dQ.

2.2.2 Neutron diffraction

In contrast to x-rays, charge neutral neutrons do not scatter strongly off the electron density
of a material and instead weakly interact with the atomic nuclei via the nuclear interaction.
This allows precise determination of atomic positions as the true position of atomic nuclei,
instead of the shape of the electron cloud, is probed. In addition, the size of atomic nuclei
(1075 A) is orders of magnitude smaller than the typical wavelength of thermal neutrons
used in diffraction experiments (~ 1 A). Therefore, in neutron scattering experiments the
atomic nuclei can be approximated as point scatterers and scattered neutrons take the form

of spherically symmetric waves. One can express the incident neutrons as a plane wave [76]:

Yine = exp(ikiz), (2.3)

where the wavevector k; is aligned along z. In Fig. 2.4, the spherically symmetric scattered

wave at a distance r from the nucleus can be written as:

Yse = —g exp(iker), (2.4)

where b is the scattering length (fm) which expresses the neutron scattering strength of atoms.
In Fig. 2.4, b is independent of atomic number and is nearly random with respect to the atomic
number Z. Therefore, with neutron diffraction one can locate light atoms precisely as well as
distinguish between elements with similar atomic number.

For elastic scattering, the fundamental quantity measured is the differential scattering
cross section expressed as do/dQ, which is the number of neutrons per second scattered into

the solid angle dQ2 measured as a function of momentum transfer k; — k¢. One can derive the
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m Figure 2.5. Coherent scattering lengths b o, (a) and absorption cross sections oyps (b) for naturally
occurring elements [77].

relationship:

dotot _ 2 2
40 = |¢sc| r (2-5)

where oy, is the total scattering cross section expressed in units of barns. For scattering of a

single nucleus, |i/s.|* = b?/r? and hence
Orot = 47b?. (2.6)

Different isotopes have their characteristic b as the scattering interaction between the neutron
and the nucleus is a resonance phenomenon that can be characterised as a “compound nucleus”
with the oy, derived above. However, real systems often contain a mixture of isotopes which
gives rise to coherent and incoherent scattering. Since the interaction of neutrons with
atomic nuclei depends not only on the energy but also on the type of isotope, such mixture of
isotopes in a material generates incoherent scattering of neutrons, and the corresponding

total, coherent and incoherent scattering cross sections become:

Otot = 47b2, (2.7)
Geop, = 477D, (2.8)
Gincan = 47(b2 — ). (2.9)

Some isotopes have a large incoherent scattering cross section. In addition, some naturally

occurring elements (mixtures of isotopes) are strongly neutron-absorbing, for example Cd
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and Gd, or Ir and In studied in this thesis. In some cases, enrichment with an isotope with
the smallest absorption cross sections o,,s within the element has to be employed in material
synthesis. The coherent scattering length b.,, and o, are shown in Fig. 2.5. Structural
refinement programmes for neutron diffraction data contain the corresponding scattering

parameters for individual isotopes as well as averages for elements (according to abundance).
Time of flight technique

Most diffraction experiments, especially in a laboratory setting, employ angle-dispersive
techniques, where the energy of the incoming beam is fixed, and one accesses a range of dp;
spacings by varying the scattering angle in the Bragg’s law in eq. 2.1. Another method is
energy-dispersive mode, where the scattering angle is fixed and the incoming beam contains
a range of wavelengths. This approach is most commonly used in facilities with spallation
sources, where beams are generated in pulses in order to avoid time contamination of a signal.
This approach exploits the wave-particle duality and the Broglie relation A = h/p which
is then combined with Brag’s law 2dj;sin @ = nA. One can express the momentum p as a

product of mass m and velocity v and time of flight ¢ over the path L one obtains:

A=h/mv = 2dysinf (n=1) (2.10)

ht/mL = 2dpy; sin 0 (2.11)
1

= Eszdhkl sin 0 (2.12)

Note that time of flight ¢ is directly proportional to dp;.

The basic setup of a time-of-flight neutron diffractometer is shown in Fig. 2.6. First a
beam of neutrons with broad energy is produced from the target, which is then narrowed by
passing through a moderator, where neutrons undergo multiple collisions with atoms held at
a constant temperature. If desired, the neutrons may finally pass through a monochromator

or choppers to further decrease the energy range. The neutrons scattered off the sample



are measured with a detector at an angle 20. The resolution function for a time of flight

instrument is:
1/2

Ad _[(AL\®  (At)*
— == — A0 cot 0)? 2.13
: ((L)+(t)+< co>) @1
And hence the higher the scattering angle, the higher the resolution. In this thesis, high-
resolution neutron powder diffraction on HRPD at ISIS was utilised for structural study on

In,Ruy07. A moderate resolution powder diffractometer PEARL was utilised for structural

study on f-LiyIrOs at high pressures.

2.2.3 Rietveld refinement

Overlapping reflections in powder patterns are problematic which makes it difficult to extract
the Fq structure factors (proportional to intensity, i ~ |Fuw|?). This can be overcome with
a computational fitting method implemented by Rietveld [78]. Intensity y; s at each point i

of a parameter (such as t, d spacing, 20 angle) is calculated from the relation:

Yicale = Z Ki$(20; — 20pk1) + Yipkg (2.14)
hkl

where K; contains numerous corrections (geometric, absorption, multiplicity, preferred orien-
tation, etc.), ¢ is a normalised function that describes the shape of a diffraction peak which is
centred at the reflection position 20, and y; pkg is a background term. The model parameters,
such as unit cell parameters, atomic positions, isotropic atomic displacement, background
coefficients, profile parameters, sample displacement and a zero offset, are typically refined in
order to minimise the difference between the model and observed data points with a least

squares fits.

D= (Witiobs — Yicatc))’ (2.15)

where w; is the inverse of the total observed intensity at point i. The weighted residual for

the Rietveld refinement Ry, is defined as:

D 1/2
Ryp=|—— (2.16)
WP ( Zi Wi(yi,obs)2 )
Another commonly used parameter expressing quality of fit is y*:
R \2
2 wp
= (2.17)
#= [z

where R.y; is the expected R-factor dependent on the counting statistics [79].



The neutron powder diffraction data were refined with the Rietveld method by using
GSAS [80] programme, while the x-ray powder diffraction data was refined with TOPAS6 [81].
Images of crystal structures presented in this thesis were generated with VESTA [82].

2.3 Inelastic scattering techniques

The only spectroscopic technique presented in this thesis is resonant inelastic x-ray scattering
(RIXS). As shown in Fig. 2.7(d), depending on the energy resolution, one can probe a variety
of excitations, such as lattice, magnetic or local d-d excitations. TMOs host a variety of
orbital-ordered, spin-orbital entangled or orbital molecule states. RIXS is a key technique for
elucidating the nature of those exotic states as the excitation structure provides information on
the local orbital manifold structure. In this thesis, we are mostly concerned with g-averaged

d-d excitations.

2.31 Resonant Inelastic X-ray Scattering

Resonant inelastic x-ray scattering (RIXS) is a powerful technique for investigation of magnetic,
charge and orbital orders via excitation [83] which requires synchrotron radiation. RIXS is a
two step process that allows transfer of both energy and momentum to the sample (Fig. 2.7(b)).
By tuning the incident x-ray beam to the resonant energy for absorption in a specific element,
one can select sensitivity towards specific types of order, such as magnetic, orbital or charge.
Here no g-dependence is discussed as this thesis concerns polycrystalline samples.

Fig. 2.7(a) illustrates the two-step photon-in photon-out process of RIXS. First, the incident
beam is tuned to match the energy of core orbital — valence orbital excitation, for example
excitation from core 2d orbitals to valence 4/5d orbitals in Ru/Ir. The intermediate state with
a core hole is highly unstable and is annihilated by an electron from the valence band such
that the final state | f) is different from the initial state |i). Accordingly, one can probe atomic
excitations within the local electronic state manifold. The energy gain/loss and momentum
transfer of the scattered x-ray beam is typically evaluated with a spherically-bent diced crystal
analyser (Fig. 2.9) which operates on Bragg’s law and can provide energy resolution below
200 meV [84].

Fig. 2.7(b) shows energies for various absorption “edges” depending on the atomic number
Z. K, L and M denote excitations from core shells with the principal quantum number n = 1,
2 and 3 to the valence shells, respectively. Both hard and soft x-ray energy ranges have well
established techniques, however the intermediate range of x-ray beams around 1keV to 2 keV

are problematic as in that energy range the attenuation from air is large and the energy
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state |int)). In REXS, |i) and |f) are identical, why in RIXS they are not. (d) RIXS spectrum expected
for 4d and 5d TMOs. Usually the t,, manifold is split by spin-orbit coupling and/or non-cubic crystal

field.
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resolution for the available Bragg reflections is limited, hence the experimental activity in the
intermediate x-ray energy RIXS was quite low until recently [72].

Ir and Ru atoms are of interest here as the orbital states concerning these atoms are studied
in the compounds presented in this thesis. The L edge of Ir atom falls within the convenient
hard x-ray energy range and hence is widely used for studying orbital magnetism of complex
iridum oxides. As depicted in Fig. 2.8, j.x = 1/2 state comprises exclusively js/, (ds/,) states,
while jeg = 3/2 is a mixture of both js/; (ds/2) and jy/; (dsj2) states. pyj; — js/2 excitation
(L2 edge) is forbidden by electric dipole selection rules [85] and should show no resonant
enhancement as compared to the ps/, — js/, one (L3 edge). Hence, Ir RIXS is performed
utilising the L3 edge, and the lack of resonant enhancement at the L, edge in resonant elastic
x-ray scattering (REXS) is commonly exploited as a probe of spin-orbital entangled j.g = 1/2
state [54, 86-90].

On the other hand, Ru absorption edges fall into inconvenient energy ranges: K edge is
rather high in energy and can damage ceramic samples, while L and M edges fall into the
intermediate x-ray energy range and hence are difficult to explore experimentally. However,
recently, Gretarsson et al. has developed a Ru L edge intermediate RIXS (IRIXS) where nearly
the entire incident beam path is under vacuum to avoid attenuation from air and advanced
focusing techniques for achieving high intensity are used (Fig. 2.9) [72].

More detail on the RIXS measurements presented in this thesis is outlined in respective

chapters.
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diced analyser and the detector are shown. The layout showing the monochromators and focusing
mirrors is that of IRIXS at DESY [72].

Theoretical interpretation of the RIXS spectra

The RIXS spectra of low temperature In,Ir,O; and room temperature In,Ru,O; were theoreti-
cally interpreted by employing a standard single-ion Hamiltonian for t; g and tgg configuration
(Legr = 1), respectively, which includes intra-ionic Coulomb interaction, spin-orbit coupling
and trigonal crystal field. e, states were excluded under the assumption that 10Dq > Jy.
The Coulomb interaction is accounted for with the parameters U, U’ and Ji (under the

approximation U’ = U — Ji) in a form of a Kanamori Hamiltonian [91]:

He =U Z Ny Ny| + U Z Nt | + (U/ - Ju) Z NmeNm’
m

m#m’ m<m’,o
T T 7ot
~Jn ) dl iy d’ dpr + Ju Y Al dpydy (2.18)
m#m’ m#m’
The first three terms correspond to electron density-density (n) interactions: interactions
between electrons with opposite spins in the same orbital (U), electrons with opposite spins
in different orbitals (U”) and parallel spins in different orbitals (U’ — Ji). m is the orbital label
and o denotes spin (fixed identical between orbitals in the third term). The two latter terms
describe inter-orbital Hund’s coupling interactions with electron creation and annihilation
operators (d and d', respectively). The spin-orbit coupling Hamiltonian is expressed as

follows:

Hsoc = {Z I - s (2.19)

where ( is the atomic spin-orbit coupling and I; and s; are the orbital and spin angular

momenta vectors for individual electrons, respectively. The single-ion anisotropy for trigonal



distortion is described as follows:
Hii = A ) (I°)? (2.20)

where [ refers to the z component of the orbital angular momentum in the trigonal coordinate
system and A is the trigonal crystal field, where A < 0 refers to compression. The total

Hamiltonian is the sum of the above:
Hiotal = He + Hsoc + Hyi (2.21)

which is diagonalised in order to obtain the energy levels and multi-electron wavefunctions
of Ir** and Ru** ions which are then compared to and fit with a least-squares method to
observed RIXS peak positions using Python 3 [92]. The L, S, J, L?, $* and J* expectation

values were obtained using Quanty [93].

2.4 Physical property measurement techniques

2.41 Magnetism

In order to elucidate the magnetic behaviour and magnetic transitions of the materials studied
here, magnetometry measurements were performed by utilising the Superconducting Quan-
tum Interference device (SQUID) based Quantum Design Magnetic Property Measurement
System (MPMS). The MPMS utilises the motion of the sample through a superconducting
second-order gradient coil which creates a current in the coil, which generates superconduct-
ing currents (shown Fig. 2.10(a)). The gradient coil is connected to a SQUID, which converts
the current into voltage as a function of the sample position [94]. Accordingly, such voltage
is proportional to the magnetisation of the sample. An example of a raw scan from a sample
measured in this thesis is shown in Fig. 2.10(b). A correctly positioned sample should generate
a maximum value of the voltage at the centre of the coils, which is located at 2 cm, and is the
case in Fig. 2.10(b). The MPMS can be operated in a direct current (DC) or alternating (AC)
mode. DC magnetisation measurement involves oscillating sample in a static magnetic field,
while AC magnetisation uses an oscillating magnetic field on a static sample. In this thesis,
only the DC susceptibility was measured, and for linear magnetisation with magnetic field
one may assume that the magnetisation of the sample is directly proportional to the applied

field H via the magnetic susceptibility y:

M= yH (2.22)
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m Figure 2.10. (a) The second-order gradient coil employed in the MPMS. The grey square represents
the sample. Reproduced from Ref. [94]. (b) Sample position scan showing raw voltage.

For non-interacting spins in the paramagnetic regime the magnetic susceptibility follows

the Curie-Weiss law: c

T — Ocw

where C is the Curie constant and Ocvw is the Weiss constant. From the former, the size of the

¥ = (2.23)

local effective magnetic moment can be extracted (yeg = V8C), while the latter indicates the
sign (AFM or FM) and strength of spin-spin correlations.

In a typical magnetic susceptibility y(T) measurement, 30 mg to 100 mg of powder sample
was packed into plastic foil and placed in a plastic straw. For enhancement of data statistics,
two scans per temperature point were performed. Built-in MPMS software MultiVu was
used for automatic processing and corrections to the data. The contributions from the core
diamagnetism [95] and the diamagnetic signal of the plastic foil, in which the samples were

packed, were subtracted manually.

2.4.2 Transport

Transport measurements are an important tool in identifying insulating or metallic behaviour
as well as phase transitions. At normal temperatures, the resistivity of semiconductors is
dominated by thermally activated charge carriers, which is described with the following

expression:
p = poexp(—Ea/kpT) (2.24)

where at high temperatures the activation energy E, should be close to the true charge gap,

while at low temperatures E, mostly reflects the impurity levels.
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m Figure 2.11. The four-probe resistivity measurement setup. The hard-pressed powder sample is
polished into a flat cuboid shape.

Resistivity of pressed powder pellets was measured with the four-probe technique shown
in Fig. 2.11. Two electrodes are used for passing current through the sample, while the second
pair is used for estimating the voltage gradient. Thin gold wires are used as electrodes and
are attached to the pellet surface with silver paint. By applying the current and recording the

voltage gradient, using Ohm’s law one can estimate the resistance R:

)
R=por (2.25)

where p is resistivity and [, W and ¢ are distance between voltage electrodes, sample width and
thickness, respectively, as illustrated in Fig. 2.11. We note that the resistivity of a hard-pressed
pellet may be about an order of magnitude higher than that of a single crystal due to grain
boundaries. The DC resistivity of polycrystalline samples was measured with Quantum
Design Physical Property Measurement System (PPMS).

2.4.3 Thermodynamics
Specific heat

Specific heat provides an estimate of degrees of freedom and their energy scales and therefore
heat capacity measurement is a useful probe for identifying a phase transition and its nature.
The specific heat C, which comprises lattice, electronic, nuclear and magnetic contributions,

is proportional to the product of temperature and the temperature derivative of entropy:

éS
=T— 2.2
C 5T (2.26)

The most common method for extracting specific heat is the relaxation method employed for
the PPMS by Quantum Design, which was utilised in this thesis. Fig. 2.12(a) shows a typical
setup used for materials studied here. The sample is mounted on the sample stage with grease

(addenda) which provides good thermal coupling with the thermometer and heater below.
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B Figure 2.12. (a) Heat capacity measurement setup. The polished hard-pressed pellet of known mass
is mounted on the suspended with wires sample stage with Apiezon N grease. Underneath the stage a
heater and a thermometer are attach and both are connected to thermal baths (TB). (b) Typical raw
scan from the PPMS. A heat pulse is applied to reach higher temperature (set by AT) and the platform
temperature increases. Once the set temperature is reached, the heater power is terminated and the
platform temperature relaxes back to the heat bath temperature with a characteristic relaxation rate
related to the specific heat of the sample.

The measurement proceeds as follows. A set amount of heater power is used to increase the
temperature of the sample of known mass by known AT value for a certain length of time.
Once the target temperature is reached, the sample relaxes back to the heat bath temperature
while the thermal relaxation is measured (A exp (—t/7), where 7 is the relaxation rate). Then,

the temperature of the sample platform can be modelled as:

Cunt Sy = ~KulT = Ty) + P(1) 27)
where Ciy, is the combined heat capacity of the sample and the sample platform, Ky, is the
thermal conductivity between the sample and the link to the thermal bath, Tj, is temperature
of the whole setup within the sample platform and P(t) is the heater power. The sample heat
capacity can be extracted by subtraction of that of the addenda.

Specific heat of polycrystalline samples was measured with Quantum Design Physical

Property Measurement System (PPMS).

Differential scanning calorimetry

Differential scanning calorimetry (DSC) monitors heat effects associated with phase transitions
and chemical reactions as a function of time and temperature. In contrast to the specific
heat relaxation technique described above, DSC monitors the exchange of heat between the
sample and the system. As a result, one can estimate the entropy associated with first-order
phase transitions through the evaluation of latent heat. Identifying the amount of entropy

released across a phase transition is useful, because one can estimate what DOF are involved
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W Figure 2.13. (a) The differential scanning calorimetry experiment setup. (b) A cartoon illustrating
expected features generated by first-order phase transitions, that is, a clear peak-like anomaly and
reversibility. “exo” and “endo” denote exothermic and endothermic transitions, respectively.

as the entropy should amount to ~ RIn(€2), where R is the gas constant and Q is the number
of DOF (for example, Q = 2S + 1 for spin DOF).

DSC measurement is performed at constant pressure and two samples, a reference and
the target material, are subject to the same rate of temperature change. From the difference
of heat flow (in mW) between the two samples is obtained, from which the enthalpy and
entropy change can be deduced for the measured material. The two samples are placed in
two aluminium pans and heated/cooled under inert conditions as illustrated in Fig 2.13(a).
Fig 2.13(b) demonstrates expected signal for endothermic and exothermic first-order phase
transitions.

DSC data of polycrystalline In;Ru,O7 samples was collected using Mettler Toledo DSC
with liquid nitrogen cooling system at Rutherford Appleton Laboratory.

2.5 Muon spin rotation

Muon spin rotation or relaxation (uSR) is an non-destructive magnetic-field-sensitive im-
plantation technique which involves bombardment of a sample with positive spin-polarised
muons and tracking of their directional decay. Positive muons are spin 1/2 particles with
the direction of spin and momentum fixed opposite to each other and are produced with
two-body decay of pions. Some of fundamental properties of muons are listed in Table 2.1
and compared with those of an electron and a proton. For stationary pions, the emergent
muons are intrinsically nearly 100 % polarised. Upon implantation in the investigated material,
muons thermalise and occupy usually an interstitial site in the crystalline lattice until they
decay (muon lifetime is 2.2 us). Muons are extremely sensitive to small magnetic field (0.1 m T

or 1073 y) and can distinguish between static and slowly fluctuating ones. Not only are
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m Figure 2.14. (a) Upon reflection with a mirror plane the muon spin is reversed. However, the decay
on the left hand side of the mirror plane is only ever observed due to parity violation, and hence the
positrons are always emitted along the direction of the muon spin. (b) The asymmetry of the muon for
highest energy muons with respect to the initial muon spin polarisation. (c) A typical experimental
set-up used in uSR experiments for zero-, longitudinal-, and transverse-field configurations (ZF, LF
and TF, respectively). The sample is placed between forward (F) and backward (B) detector banks. The
muon stopping in the sample is influenced by the local and/or external magnetic field and produces
positrons upon decay which are counted with the detectors. (d) The number of positrons detected in
the F and B detectors in a static homogeneous magnetic field. Upper right corner: muon precessing
about the applied/local magnetic field with the Larmor frequency w,,. (e) The asymmetry function of a
polycrystalline sample, where the oscillation averages at 1/3 (muon decay has been subtracted). (f)
The relaxation function for muon hopping or spin fluctuation rate v. Red curve corresponds to the
ZF-Kubo-Toyabe function in eq. 2.31 with v = 0. v increases from 0 from the red, yellow, green, blue
to the purple curve. (a)-(e) reproduced and modified from Ref. [96].



m Table 2.1. Fundamental properties of the muon compared to those of an electron and a proton. e and
p are an electron and a proton, respectively. m,,, m, 1, and y are proton mass, electron mass, proton
spin and gyromagnetic ratio, respectively.

Particle Charge Spin Mass Moment y/2r (kHzG™!) Lifetime (us)
e +e 1/2 me 6571 2800 00
L +e 12 207me ~ (1/9)m,  3.18y, 13.5 2.19
p +e 1/2 my Hp 4.26 00

muons conveniently nearly fully spin-polarised, the muon decay has preferred direction as
well - one of the particles emerging from the three-body decay, positrons, are largely emitted
along the direction of the muon spin due to parity violation (Fig. 2.14(a) and (b)) [97]. Hence,
one can track the direction of the muon spin as a function of time with position-sensitive
positron detectors and obtain information on the local magnetic fields inside the material of
interest.

The muon asymmetry, which gives measure of the muon spin polarisation as a function

of time, in zero-field configuration is defined as:

Np(t) — Nr(t)

AL = 0 + Net)

(2.28)
where A(t), Np(t) and Ng(t) are time dependent muon asymmetry and the number of positron
counts in the backward and forward detector banks, respectively. In a presence of a magnetic

field, muon will precess about it with Larmor frequency, which depends on the magnetic field:
Wy = YuB (2.29)

where w, and y, is the Larmor frequency and muon gyromagnetic ratio, respectively. In the
zero-field configuration, if a material undergoes long-range magnetic order, a clear oscillation
in the muon asymmetry signal should be observed as shown in Fig. 2.14(e). In the presence of
a magnetic field, a polycrystalline sample (or a sample with randomly distributed magnetic

fields) show averaging in the oscillations expressed as:
1 2
P,(t) = 3 + 3 cos(wyt) (2.30)

where P,(t) is the asymmetry quantified along the z axis. Real, especially polycrystalline,
materials, have a Gaussian distribution of the local magnetic fields of width A /y,,, and therefore

the muons will progressively dephase, which can be expressed with a Kubo-Toyabe function:

P(t) = % + gexp(Aztz /2)(1 = A" (2.31)



which at large time t averages at 1/3. Kubo-Toyabe function (red curve in Fig. 2.14(f)) can be
therefore understood as a superposition of many functions shown in Fig. 2.14(e) of different
B, with the width A within those.

The oscillations could also be damped by dynamic effects, for example fluctuating magnetic
moments due to spin liquid behaviour, fluctuating nuclear spins, fluctuating impurity spins, or
thermally-activated hopping of muons between interstitial sites. One can define all dynamic
events with a fluctuation rate v. At values v < A, the fluctuation suppresses the 1/3 tail of the
Kubo-Toyabe curve. At v = A, the curve shows a Lorentzian-like shape, and for high values
of v a Gaussian shape is obtained. In general, fluctuations are enhanced at high temperatures,
and hence a cross-over from v ~ A to v > A limits with increasing temperature is seen in
systems with fluctuating moments (intrinsic or impurity). This cross-over can be described

with a simple “stretched” exponential:
P,(t) = Ae™™’ (2.32)

where A is the initial asymmetry and A is the relaxation rate. The larger the fluctuation rate
v, the slower the relaxation rate.

In this thesis, ZF-p;SR was utilised in distinguishing between long-range antiferromagnetic
order (oscillation) and a non-magnetic state (no oscillation) with little consideration for
the spin dynamics. Muon spin rotation/relaxation data have been collected for In,Ru,05
polycrystalline samples in order to distinguish between a non-magnetic molecular orbital state
and long-range magnetic order. ZF-uSR data have been collected on the ARGUS spectrometer
at the ISIS Muon Facility, Rutherford Appleton Laboratory.

2.51 Band structure calculations

Band structure calculations for the experimentally determined crystal structures presented in
this thesis were performed within the local density approximation (LDA) [98] to the density
functional theory (DFT) [99, 100] using the linear muffin-tin orbital (LMTO) [101] method
implemented in the PY LMTO code [102] with the combined correction terms taken into
account. To examine the influence of spin-orbit coupling on the electronic structure, fully
relativistic and scalar relativistic calculations were performed. The fully relativistic treatment
is achieved by solving the four-component Dirac equation inside an atomic sphere and, thus,
includes the kinematic relativistic effects (Darwin and mass velocity terms) as well as spin orbit
coupling. The effect of spin—orbit coupling is clarified by calculating the J-resolved density of
states (DOS) where J = [ + 1/2 is the total angular momentum for the spherically symmetric
5d states. The J.g-resolved states are assigned by analysis of the wavefunction components

of the J-resolved states. The value of spin-orbit coupling estimated from calculations for



InyIr,O7 and f-LipIrOs was ¢ = 0.58 V. In the scalar relativistic treatment, the spin-orbit

coupling is neglected but the kinematic relativistic effects are taken into account.

2.6 Co-authorship

The work presented in this thesis is a result of collaborative research. While I was the principal
investigator of the three projects presented in this thesis, I received valuable contributions

and assistance from a number of colleagues, as outlined below.

« High pressure neutron diffraction experiment on f-Li,IrO3; was performed by Dr. To-
mohiro Takayama, Dr. Alexandra Gibbs and I with technical support from the PEARL
beamline scientists Dr. Craig Bull and Dr. Nick Funnel. Structural analysis was per-

formed by me with the support of Dr. Alexandra Gibbs.

« High pressure RIXS experiment on $-Li,IrO3; was performed by Dr. Tomohiro Takayama
and I with technical support from the SPring-8 beamline scientists Dr. Hirofumi Ishii,
Dr. Nozomu Hiraoka, Dr. Kenji Ishii and Dr. Hitoshi Yamaoka.

+ RIXS experiment on In,Ir,O; was performed by Dr. Tomohiro Takayama and Dr. Kenji
Ishii.

« RIXS experiment on In,Ru,O; was performed by Dr. Joel Bertinshaw, Dr. Hlynur
Gretarsson, Marian Blankenhorn and I. RIXS experiment on Y;Ru,;O7; was performed

by Dr. Joel Bertinshaw and Dr. Hlynur Gretarsson.

« ZF-uSR experiment on InyRu;O; was performed by Dr. Tomohiro Takayama and I with
technical support from the pSR beamline scientists Dr. Isao Watanabe and Dr. Dita

Puspita Sari.

« Neutron diffraction experiment on In,Ru; 07 was performed by Dr. Tomohiro Takayama,
Dr. Alexandra Gibbs and I with technical support from the HRPD beamline scientist
Dr. Alexandra Gibbs. Structural analysis was performed by me with the support of Dr.
Alexandra Gibbs.

» Single crystal x-ray diffraction experiments and structural analysis on In,Ru,O7 crystals

was performed by Dr. Jiirgen Nuss.

« Powder x-ray diffraction experiments and structural analysis on In,Ru,0; was per-
formed by Dr. Sebastian Bette.



Powder x-ray diffraction experiments and structural analysis on In,Ir,O; was performed

by Christine Stefani and Prof. Dr. Robert Dinnebier, respectively.

High temperature resistivity measurements on In,Ru,0; were performed by Dr. Tomo-

hiro Takayama and I with equipment constructed by Dr. Tomohiro Takayama.

All band structure calculations presented in this thesis were performed by Dr. Alexander

Yaresko. Figures which contain band dispersion were created by Dr. Alexander Yaresko.

Kanamori Hamiltonians were written by Marian Blankenhorn. Fitting of RIXS data of

InyRu,O7 was performed by Marian Blankenhorn.

EDX experiments on In,Ru,07 crystals were performed by Sabine Prill-Diemer and

Viola Duppel.
High temperature MPMS measurements were performed by Eva Biichner.

The abstract of this thesis was translated from English to German language by Marian

Blankenhorn.



Chapter 3

Pressure-driven collapse of J.¢ = 1/2 state
In S-LislrOs

31 Introduction

Honeycomb-based iridates with spin-orbital entangled J.¢ = 1/2 pseudospins serve as po-
tential realisation of a Kitaev QSL, a spin-liquid with anisotropic ferromagnetic interactions
on a honeycomb lattice. However, most of the real materials undergo long-range magnetic
order [67]. While Kitaev materials are found to be robust J.¢ = 1/2 magnets with dominant
bond-dependent ferromagnetic coupling, it has been discussed that the magnetic order is sta-
bilised due to the presence of other magnetic couplings. This has motivated attempts to drive
the system towards a QSL by tuning the magnetic interactions with chemical modification or
application of magnetic field or pressure. Here, we investigate the effect of high pressure on
the electronic structure of -LiyIrO3 which is reported to undergo a structural transition at
~ 4 GPa. We find that short Ir-Ir bonds with molecular orbitals are formed and the J.g¢ = 1/2

state collapses at high pressure.

We first describe the Kitaev model and candidate materials in section 3.1. The methods
employed in this work are outlined in section 3.2. We describe the modulated hyperhoneycomb
structure and the implications on the electronic structure of f-Li,IrOs in section 3.3. Finally,

we discuss the implication of our results in section 3.4.

The content presented in this chapter has been previously published in Ref. [103].

311 Kitaev model

The Kitaev model attracts great interest in the condensed matter community as it is one of
the few microscopic models that can be exactly analytically solved and it hosts both gapped

and gapless spin liquid phases [104]. The Kitaev model involves S = 1/2 on a honeycomb



lattice interacting via nearest-neighbour bond-dependent ferromagnetic coupling:

H:—Eﬁﬁﬁf (3.1)

i)y

where J, is the ferromagnetic coupling between site i and j sharing a bond with index y
and the 53/ is the Ising spin. When treating the S = 1/2 classically, the ground state will be
extensively degenerate, where the degeneracy is related to the number of ways of arranging
the satisfied bonds, that is, bonds where the corresponding spins are aligned along the easy
axis as depicted in Fig. 3.1(a). Quantum mechanically, the ground state is a superposition
of all the classically-described configurations and is a quantum spin liquid state (QSL). The
Kitaev QSL is distinct from other QSLs as it is based on Ising rather than Heisenberg spins.

The Kitaev model can be solved exactly by mapping each spin operator into four Majorana
fermion operators. The Majorana fermion is its own antiparticle and carries half degrees of
freedom of a conventional fermion. In short, such fractionalisation of the spin into a fermionic
form results in a ground state comprising itinerant and localised Majorana fermions, where
the former forms a gapless Dirac dispersion, while the latter forms a flux-free gapped state.
When interactions along all bonds are of comparable magnitude, that is J, ~ J, ~ J, a
Majorana metal with Dirac dispersion is formed, giving a gapless state. When substantial
anisotropy is present and one of the J, dominates such that it is greater than the sum of the
other two, the system becomes a gapped spin liquid with Abelian topological order. The
gapless state can become gapped upon the application of magnetic field and transform into
a more exotic spin liquid state with Ising-type topological order, which is discussed to be
relevant for applications in quantum computing [105]. The Kitaev model, due to its relative
simplicity generating exotic electronic properties, is of great interest in condensed matter
physics and has inspired a search for its realisation in real materials in the context of new spin
liquid systems, long-sought experimental discovery of Majorana fermions and experimental
probing of fractionalisation. For more details on Kitaev model and materials, refer to Ref. [67,
104, 106-108].

31.2 Jef = 1/2 pseudospin on honeycomb lattice

Initially the Kitaev model was considered strictly a toy model as S = 1/2 spins do not
exhibit the Ising anisotropy necessary for realisation of the bond-dependent coupling. It has
been proposed, however, that the interaction anisotropy can be achieved via a pseudospin
expected in Mott insulators with strong spin-orbit coupling and . configuration [51]. The g
configuration can be achieved in materials hosting transition metal ions, such as Ir*" or Ru®",

coordinated by octahedral arrangements of ligands, where the d orbitals become split into ty4
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B Figure 3.1. (a) Schematic of the interactions in the Kitaev honeycomb model. The Ising spins
SY interact along the orthogonal directions are x, y and z along the honeycomb bonds, rendering
frustration as evident from site i. At the bottom, examples of arrangements of the ferromagnetic
spin pairs is shown. (b) The emergence of J.¢ = 1/2 pseudospin in the . electron configuration in
the jj coupling limit. The wavefunction of the J.g = 1/2 state is visualised in the upper right corner.
Partially reproduced from Ref. [51]. The arrow with ~ symbol represents a pseudospin. (c) The structure
of the honeycomb layers of Kitaev candidate materials with IrO4 or RuClg octahedra shown. The blue
line corresponds to the region shown in (d), and the purple line highlights the region pictured in (f). (d)
The two d-p-d hoppings between the d, and d, orbitals comprising the J.¢ = 1/2 state have opposite
sign and interact destructively and cancel each other out. (e) Top: the antiferromagnetic coupling of
Jet = 1/2 pseudospin does not take place as it cancels out due to considerations shown in (d). Bottom:
the ferromagnetic coupling stabilised by hopping between Jo = 1/2 and Jor = 3/2 states favoured by
Hund’s coupling (blue curve) between two unpaired spins. (f) The Kitaev-like interactions resulting
from (d) shown on the edge-sharing octahedra comprising the lattice shown in (c).



and e; manifolds by about 3.5 eV, locating all five electrons in the #;; manifold as Jg < Ap as
shown in Fig. 3.1(b). The t,, manifold can be treated as triply degenerate p manifold rendering
effective orbital angular momentum —L.g = —1 = L [45].

The spin-orbital entangled 1/2 pseudospin can be reached by starting from two limits. If
Asoc > Ju, in the jj limit the orbital I and spin s angular momenta combine for each electron
individually, rendering a fully occupied j.¢ = 3/2 quartet and a half-filled j.¢ = 1/2 doublet.
If Asoc < Jy, in the LS limit the total orbital L. = 1 and spin S = 1/2 momenta combine to
give a ground state J.x = 1/2 doublet and the next excited state Jog = 3/2 quartet. In both
limits, the ground state is the J.¢ = 1/2 doublet, and the gap between the doublet and the
quartet is equal to (3/2)Asoc. In reality, no material locates strictly in the jj or LS coupling
limit, however naively, jj coupling should be more relevant to the heavier Ir** case, while
LS coupling might more accurately describe the lighter Ru**. In a crystalline lattice a half-
filled Jog = 1/2 band is formed, which is then split by moderate U rendering the material a
Mott insulator [54] (see section 1.6.1).

The Jeir = 1/2 wavefunction comprises equal superposition of the dyy, d,; and d_, orbitals
yielding an isotropic shape as shown in Fig. 3.1(b). The gyromagnetic factor g; = -2 gives
a magnetic moment of 1 yg which is of the same magnitude as for spin-only S = 1/2. The
negative sign of g; is a signature of unquenched orbital moment which renders the interactions
between J.¢ = 1/2 pseudospins sensitive to the local lattice geometry [51, 54].

One possible realisation of a honeycomb lattice of transition metal (TM) ions is a hexagonal
arrangement of edge-sharing octahedra, for example IrO4 or RuCl found in layered materials
such as a-Li;IrOs or a-RuCls shown in Fig. 3.1(c). Due to the sizeable hybridisation of oxygen
p orbitals with the spatially extended 4d and 5d orbitals, d-p-d hopping can be initially
considered as the dominant hopping process. In the Ir-O;-Ir or Ru-Cl,-Ru edge-sharing 90°
bond geometry, there are two equivalent paths of ligand-mediated d-p-d hopping as depicted
in Fig. 3.1(d). If one maps the J.r = 1/2 into its dy, dy, and d,, components, it becomes
apparent that the d-p-d hopping does not conserve the orbital component. Moreover, due to
the complex components of the J.¢ = 1/2 wavefunction, the two possible paths are of opposite
sign and interfere destructively, and hence the conventional antiferromagnetic Heisenberg
term effectively vanishes [51]. What is left is the bond-dependent ferromagnetic Ising term
with easy axes perpendicular to the Ir-O—2-Ir plane, which involves hopping of electrons
from the Jeg = 3/2 to Jor = 1/2 favoured by Ji shown in Fig. 3.1(e). This ferromagnetic Ising
coupling corresponds to the Kitaev model as evident in Fig. 3.1(f), where the easy axis is

perpendicular to the Ir-O;-Ir bond plane.



3.1.3 Candidate Kitaev materials

Due to the theoretical prediction of realisation of the Kitaev QSL in honeycomb TM compounds,
there has been extensive research effort to pin down Kitaev physics in honeycomb-based
materials which are summarised in Table 3.1. The first explored materials were 2D-honeycomb
systems such as a-Li;IrOs, NayIrO5 and @-RuCls, however they all exhibit long-range magnetic
order, which sparked the search for alternative materials. Second-generation 2D-honeycombs
were produced by ion exchange [109-113], where the inter-layer Li ions in a-LiyIrO; are
replaced by A’ = H, Ag or Cu ions, while the intra-layer Li ions inside the honeycomb remain
intact, rendering a chemical formula A}Lilr,Os. While A" = Ag or Cu orders magnetically,
H;Lilr,O4 was found to host quantum spin liquid ground state, however the nature of the QSL
state has not been clarified yet [113]. Another group of second-generation 2D-honeycombs
was explored, where all Li ions are replaced with divalent cations such as A" = Zn and
Mg giving a chemical formula A’'IrOs3, and which too exhibit magnetic order. Since the
Kitaev model has been expanded to three dimensions where a QSL is also expected [114],
3D analogue materials have also been explored [67]. The hyperhoneycomb S-LiyIrOs, which
locally has the same structure as the 2D honeycomb, has appeared as a new platform for
Kitaev magnetism however it orders magnetically as well [115]. Therefore, no pure Kitaev
QSL has been identified up to date as shown in Table 3.1. The reason for this is that there are
many additional interactions and structural aspects one has to take into account to accurately
describe the behaviour of the Kitaev candidate materials. Nevertheless, the honeycomb-based
iridium and ruthenium compounds are still called “Kitaev materials” because, despite the
additional interactions destabilising the potential Kitaev QSL state, the J. = 1/2 magnetism
is alive and the strength of the ferromagnetic bond-dependent coupling appears dominant, as

discussed below.
Crystal structure

Crystal structures of candidate Kitaev materials comprise honeycomb layers of transition
metal ions surrounded by edge-sharing octahedra of anions. The honeycomb layers are
intercalated by A cations such as A = Li, Na, Ag, Cu, H, Mg or Zn. Kitaev materials adopt a
range of crystal symmetries as those depend on the chemical composition and the stacking of
the honeycomb layers. The first generation of Kitaev materials are derivatives of the rocksalt
structure (Appendix A) and crystallise in a monoclinic structure with space group C2/m
shown in Fig. 3.2(a-c). Both Ir and A ions have octahedral coordination and all IrOg and AOq
octahedra are edge-sharing. In Fig. 3.2(e), there are two symmetrically inequivalent types of
Ir-Ir bonds, where 1/3 of bonds runs along the b crystallographic axis (Z, Cyj, point symmetry),
while the other 2/3 of bonds are located in the ab plane (X, Y, C; point symmetry). The

low symmetry allows for distortions from the ideal rocksalt-derived lattice, where the IrOq
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m Figure 3.2. (a) The crystal structure of a-A;IrO5 2D Kitaev materials, where a = Li, Na. (b) The crystal
structure of the second generation 2D Kitaev materials retaining the C2/m symmetry. The cations
separating the 2D layers are exchanged, while the Li ions inside the honeycomb remain intact, giving
a chemical formula a-A;Lilr,O6, where A” = H, Ag, Cu. (c) The crystal structure of @-RuCls. (d) The
crystal structure of the second generation 2D Kitaev materials adapting the R3 symmetry. The cations
between and inside the honeycomb layers are removed, and the newly intercalated cations form a
buckled honeycomb lattice between the IrO; honeycomb layers, giving a chemical formula of A’IrOs,
where A’ = Mg, Zn. (e) The local geometry in a-LiyIrOs, NayIrOs and a-RuCls with only IrO4/RuClg
octahedra are shown. Ir-O-Ir/Ru-Cl-Ru angles are about 95°. The Ir-Ir/Ru-Ru bond that lies along
the ¢ axis has C,;, point symmetry (blue), while the other two bonds have C; point symmetry (black).
The point symmetry of IrOg octahedra is C, and equivalent Ir-O/Ru-Cl bonds are shown in the same
colours. (f) The local geometry in MglrOs; and ZnlrOs, where only IrOg octahedra are shown. Ir-O-Ir
angles are about 92°. All Ir-Ir bonds are equivalent and have C; point symmetry. The point symmetry
of the IrO4 octahedra is C5 and equivalent Ir-O bonds are shown in the same colours.



m Table 3.1. Summary of physical properties of known Kitaev materials. S. G. is space group, LRO is
long-range order, T, is the ordering temperature, y.g is the effective magnetic moment, Ocw is the
Curie-Weiss constant and AFM is antiferromagnetic. ab, a, b and b notation corresponds to quantities
extracted from measurements performed with magnetic field aligned along the crystallographic plane
or axis. Table reproduced and modified from Ref. [67].

Material S.G.  Tu(K) Hetr(UB) Ocw(K) LRO Ref.
2D honeycomb materials
a-LiIrO3  C2/m 15 1.50(ab), 5(ab), spiral [116-118]
1.58(b) —250(b)
NayIrOs C2/m 15 1.81(ab), —176(ab), zigzag [116, 119-121]
1.94(b) —40(b)
H3Lilr,Os  C2/m — 1.60 —105 spin liquid [113]
CulrO;  C2/m 2.7 1.93 ~110 AFM or [111]
spin glass
CusLilr,0s C2/m 15 2.1 ~145 AFM [110]
AgsLilr,0s  R3m 12 1.77 — AFM [109]
ZnlrO; R3 47 1.73 —48 AFM [112]
MglrOs; R3 32 1.73 —67 AFM [112]
a-RuClj C2/m 7 2.33(ab), 40(ab), zigzag [122]
2.71(b) —216(b)
3D honeycomb materials
B-LipIrOs Fddd 38 1.50(a), —90(a), spiral [115, 123]
1.80(b), 13(b), 22(c)
1.97(b)
y-LioIrOs  Ccem 40 1.6 40 spiral [124]

octahedra are weakly distorted and mostly trigonally compressed, while the Ir-O-Ir angles
deviate from the 90° value. @-RuCl; on the other hand, has no intercalating cations (Fig. 3.2(c))
and its distortions of RuClg octahedra are of a smaller degree than those found in iridates.
The second generation Kitaev materials produced by ion exchange crystallise in two types of
structures. Those retaining C2/m symmetry have A’ cations forming O-A’-O dumbbell bonds
as depicted in Fig. 3.2(b) or O-H like bonds found in H;Lilr,Os. Materials where all Li ions
in a-LiyIrO; are replaced by half the amount of divalent cations adopt an ilmenite structure
with space group R3, which is a derivative of the corundum structure hosting edge-sharing
octahedra in the ab plane and face-sharing octahedra along the ¢ axis shown in Fig. 3.2(d).
The A’ cations form a buckled honeycomb lattice between the Ir honeycomb layers. As shown
in Fig. 3.2(f), all Ir-Ir bonds are equivalent and have C; point symmetry. The crystal structures

of the three-dimensional analogues will be discussed in later sections.
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a-LipIrO5 [119] and Na,IrOs [119]. The inset shows inverse magnetic susceptibilities where the red
solid lines denote the Curie-Weiss fit. (b) The incommensurate spiral magnetic structure on the
hyperhoneycomb sub-lattice of f-LiyIrO5 created with Jmol [125] using the magnetic unit cell reported
in [123]. (c) RIXS spectrum of polycrystalline -Li,IrO5 obtained at BL11XU at SPring-8 (unpublished).
The feature at ~ 0eV is the elastic peak, while those at ~ 0.7eV and ~ 3.5eV correspond to the
Jet =3/2 — Jog = 1/2 and tp4 — e, excitations, respectively.

Jett = 1/2 state and its magnetism

The Kitaev materials shown in Table 3.1 are Mott insulators and display localised moment
magnetism, where peg ~ 1.5 pg to 3 g, close to the idealised value predicted for Jog = 1/2
or spin-only S = 1/2. The negative Curie-Weiss constants Ocw indicate the presence of
antiferromagnetic couplings, contrary to the expected positive value induced by ferromagnetic
exchange, implying that the Kitaev exchange is not the only relevant one as discussed above.
However, if the nearest neighbour antiferromagnetic Heisenberg exchange was dominant, a
simple Néel order on the bipartite honeycomb lattice would likely be observed (Fig 3.4(d)), and
that is not the case. The Kitaev materials adopt a variety of magnetic structures, such as zigzag
or spiral (example shown in Fig. 3.3(b)) implying sthat other interactions, such as possibly
the Kitaev one, are non-negligible. In addition, the anisotropic character of the magnetic
interactions is manifested in the anisotropic magnetic susceptibility and the corresponding
extracted values of Ocw observed for example in a-LiyIrOs, Na,IrOs, a-RuCl; and f-LiyIrOs
shown in Table 3.1.

The relevance of spin-orbit coupling and J.g-physics is evidenced in RIXS experiments
on honeycomb iridates at the Ir L3 edge, where low-energy excitations located at ~ 0.7 eV
emerge [126], see Fig. 3.3(c). Those should correspond to the Jor = 3/2 — Jg = 1/2
excitations and should be of the magnitude of (3/2)Asoc, which indicates the value of spin-
orbit coupling of Ir to be ~ 0.4eV. In addition, a splitting of that excitation peak of the
order of ~ 100 meV is observed in a-Li;IrO5 and Na,IrOs. Therefore the trigonal crystal field
resulting from trigonal compression of the IrO4 octahedra is non-negligible in honeycomb

iridates, however still smaller than Asoc, and hence the J.g-description should still remain



valid. The Jo¢ = 3/2 — Jeg = 1/2 excitation has been also observed in a-RuCl; [127], where it
is accordingly smaller (0.2 eV) as compared to those reported iridates due to smaller spin-orbit
coupling of Ru atom. Moreover, evidence of bond-directional interactions inferred from the
azimuthal angle dependence of diffuse magnetic x-ray scattering of Na,IrO3 [128], and from
the g-dependence of excitations obtained with inelastic neutron scattering in a-RuCls [127],
was identified.

Another experimental verification of the “J.g"-ness of the electronic ground state is x-
ray absorption spectroscopy (XAS), where the expectation value of the spin-orbit operator
(L - S) is directly proportional to the ratio of intensity between the L3 (2p3/, — 5d) and L,
(2p1/2 — 5d) absorption edges called the branching ratio, BR = L3/L; [129, 130]. In the
absence of spin-orbit coupling, that is, (L - S) = 0, BR = 2 which is due to the twice larger
number of states in 2p3/, as compared to 2p; /2. In a variety of iridates BR is reported to range
from 4 to 6 [85, 86], which has been discussed as evidence for the spin-orbital entangled
Jet = 1/2 state. However, the BR should be evaluated with caution as it can be affected by

other effects such as hybridisation.
Additional magnetic couplings

The original microscopic model proposed for the realisation of a Kitaev QSL involves nearest-
neighbour anisotropic d-p-d hopping on an undistorted honeycomb lattice with 90° geom-
etry [51]. Firstly, the Cy;, symmetry of an unit of two IrOs or RuClg octahedra allows two

additional nearest-neighbour terms [132]:

H= ]SS —KSS!+ r(s¢s! + 8Py (3.2)
(ij)y

where Sl:y and Sng(ﬂ ) denote the in-plane and out of plane components with respect to the edge-
sharing bond plane, respectively. ] is the isotropic Heisenberg coupling inherent from direct
d-d hopping, K is the Kitaev coupling, and I is the symmetric anisotropic coupling, which are
depicted in Fig 3.4(a), (b) and (c), respectively. In the earliest discussed models with additional
interactions, Kitaev-type and Heisenberg-type nearest-neighbour couplings were considered,
and that was found to already dramatically shrink the spin liquid parameter space [133]. The
pure Heisenberg-Kitaev (H-K) model can only account for the experimentally observed zigzag
order in Na,IrOs if the ferromagnetic Heisenberg and antiferromagnetic Kitaev couplings are
considered [131] (Fig 3.4(d)). This has motivated further expansion and inclusion of more
parameters in the model: the observed zigzag and spiral magnetic orders can be explained
either by adding interactions further than nearest-neighbour interactions [134] (Fig 3.4(e)) or

considering the off-diagonal I" term [132].
The low symmetry of the honeycomb materials allows for distortions from the ideal

rocksalt-derived lattice. In Fig 3.2(e), only one bond in the C2/m 2D honeycomb has Cyj, point
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m Figure 3.4. (a) Direct d-d hopping which gives rise to the isotropic Heisenberg term. (b) d-p-d hopping
which gives rise to the anisotropic Kitaev term shown also in Fig 3.1(d). (c) A combination of d-d
and d-p-d hopping gives rise to the symmetric off-diagonal term. (d) Magnetic phase diagram for
the Heisenberg-Kitaev model. J = cos¢ and K = sin¢$. Open and solid circles correspond to up
and down spins. Reproduced from Ref. [131]. (e) Further than nearest-neighbour interactions on a
honeycomb lattice, where blue, green and violet arrows denote J;, J; and J3, respectively. (f) The effect
of trigonal compression of TM octahedron on the local electronic J.g states producing three doublets
in the single ion anisotropy description. The Jox = 3/2 quartet splits into two doublets, ¢; and ¢,
and the (Jog = 1/2)-derived state is @y. ¢o and ¢, are mixtures of the original Jor = 1/2 and Jeg = 3/2
states. In the 2D honeycomb Kitaev materials, the trigonal compression axis is usually perpendicular
to the honeycomb plane.

group symmetry, while the other two contain only an inversion centre, which should allow for
additional exchange paths. In the case of the hyperhoneycomb exemplified by S-Li,IrO; with
space group Fddd shown in Fig 3.6, one of the bonds has D, point symmetry which forbids the
off-diagonal exchange, however since it lacks an inversion centre it allows the antisymmetric
Dzyaloshinskii-Moriya coupling. The other two bonds possess inversion symmetry only,
similar to the case of C2/m. In addition, the local distortions of IrO¢ or RuCly octahedra
should modify the local electronic states as demonstrated in Fig 3.4(f) [135]. Overall, the
point symmetry of bonds lower than C,j, distorted octahedra and interactions with further
neighbours allow for new exchange couplings and/or modify the initially considered ones, for
example lead to imperfect cancellation of the Heisenberg d-p-d antiferromagnetic coupling
discussed in section 3.1.2 or induce substantial mixing of Jog = 1/2 and J.g = 3/2 states.
While such distortions are small, they might be sufficient to push the system away from a
QSL and contribute to stabilisation of long range magnetic order.

In addition, the two-dimensional Kitaev materials suffer from stacking faults [136, 137]
which when large can affect the ordering temperature or even turn the system into a spin glass,

implying that the magnetic interactions are not truly two-dimensional. For ¢-RuCls, which
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B Figure 3.5. Possible routes to Kitaev QSL. (a) Chemical substitution. Newly reported H3Lilr,O4 does
not exhibit magnetic order down to the lowest temperature. Reproduced from Ref. [113]. (b) New 3D
platforms with Ir sub-lattices of f, y-LiyIrOs. (c) Magnetic field. The magnetic ordering of @-RuCls
is supressed by application of magnetic field as evident from the specific heat. Reproduced from
Ref. [142]. (d) Pressure. The net ferromagnetic moment of 5-LiyIrO; is suppressed as evident from
x-ray magnetic circular dichroism (XMCD). Reproduced from Ref. [115].

exhibits a three-dimensional zigzag order, there is a variance in reported ordering temperatures
and crystal structures due to difference in stacking faults and synthesis conditions [122, 138-
141]. Overall, there are plenty of additional interactions and deviations from the ideal Kitaev

model that may push the honeycomb systems towards magnetic order.

31.4 Tuning of Kitaev materials

Despite the presence of long-range magnetic order, other magnetic couplings and distortions,
the Kitaev materials remain robust Jr = 1/2 magnets with sizeable anisotropic magnetic
interactions. Moreover, in a model considering J, K and I', a spin liquid still exists for
certain parameter values [106, 132]. As a result, there have been extensive efforts to tune
those interactions in order to bring the system towards the Kitaev QSL by applying external
perturbations such as magnetic field or pressure, or exploring new material platforms other
than recent chemically-modified H;Lilr,O4 or 3D f, y-LiyIrOs (Fig. 3.5(a) and (b)).

In some Kitaev materials, the magnetic order is suppressed in presence of external magnetic
field: the zigzag magnetic order in a-RuCls [139] (Fig. 3.5(c)) and the incommensurate spiral



m Figure 3.6. (a) The crystal structure of hyperhoneycomb f-Li,IrOs. (b) The hyperhoneycomb network
of Ir atoms in (a). The Z bonds (red) which run along the crystallographic ¢ axis, connect the 1D
zigzag chains of X, Y bonds (grey). The blue arrows indicate a decagon loop. (c) The local geometry in
P-LiyIrOs. Ir-O-Ir angles are about 94°, and the Ir-Ir bond that lies along b has D, point symmetry.

magnetic order in f3, y-Li,IrO3 [115, 143-145] are quenched under applied magnetic field
of ~ 7T in-plane (ab) and ~ 3T along the crystallographic b axis, respectively. While the
3D iridates have not been receiving much attention in this regard, there has been extensive
activity regarding the field-induced spin liquid state in ¢-RuCls [139, 142, 146-148]. For
example, signatures of Majorana physics have been observed such as half-integer thermal
Hall effect [148, 149], which have been discussed in relevance to the Kitaev QSL.

Another way of tuning the magnetic couplings is application of external pressure, which
was first attempted in f-LizIrOs due to its apparent dominant ferromagnetic interactions

inferred from Ocw and hence likely proximity to the Kitaev QSL [115].

31.5 Target material: hyperhoneycomb iridate f-LiyIrOs

The Kitaev model is based on the three-fold coordination of each magnetic site and the
bond-dependent Ising interactions. This can be realised not only in a 2D honeycomb lattice,
but in a 3D lattice as well, and hence the Kitaev model can be extended to 3 dimensions [114].
This discovery sparked research activity in 3D analogues of first-generation Kitaev materials

with strong spin-orbit coupling, t; ; configuration and edge-sharing octahedra.
Crystal structure

The first reported 3D analogue of 2D Kitaev materials is hyperhoneycomb f-LiyIrOs, a
high temperature polymorph of a-Li,IrOs, discovered by Takayama et al. [115]. f-LiyIrOs
crystallises in an orthorhombic structure with space group Fddd (No. 70) and consists of the
same edge-sharing LiOg and IrO4 octahedra building blocks as @-LiIrO3 as shown in Fig. 3.6(a).
While the local environment of each Ir site is the same as that found in 2D honeycombs, that
is, each site has three nearest neighbours connected with the Ir-O;-Ir link (Fig. 3.6(c)), the
Ir atoms arrange in a 3D fashion and generate a 3D network named “hyperhoneycomb”. To

understand this 3D network, one can view the 2D honeycomb structure shown in Fig. 3.2(e)
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m Figure 3.7. (a) Temperature-dependent magnetic susceptibility of f-LizIrOs. The red line in the
inset shows the Curie-Weiss fit. (b) Field-dependent magnetisation of §-Li,IrO3. The inset shows the
temperature-dependent magnetisation at different magnetic fields. (c) Temperature-dependent heat
capacity of -Li,IrO; at different fields. (a)-(c) are reproduced from Ref. [115].

as an arrangement of 1D zigzag chains (X, Y bonds) in the ab plane connected by links
running along the b axis (z bonds). Those 1D zigzag chains are then stacked along the b
crystallographic axis in the Fddd structure, alternating in orientation between a + b and a - b,
and connected to each other with the Z bonds running along the b crystallographic axis as
demonstrated in Fig. 3.6(b). The resulting hyperhoneycomb network features ten-site decagon
loops. The local environment of each Ir atom and the Ir-Ir and Ir-O bond lengths are quite
similar to those found in a-LiyIrO3 or Na,IrOs and all Ir-Ir bond angles are ~ 120° (Fig. 3.6(a)).
The Ir-Ir bond symmetry remains except for the one running along the Fddd b axis, which is
D, without an inversion centre.

Physical properties

B-Li,IrOs is an insulator and its temperature dependence of magnetic susceptibility shown in
Fig. 3.7(a) indicates peg ~ 1.6 g, which is close to the ideal value expected for J.g = 1/2 or
S = 1/2 and implies a formation of a o = 1/2 moment [115]. The presence of a spin-orbit
exciton as evidenced in RIXS shown in Fig. 3.3(c) supports the J.g = 1/2 magnetism. The
positive Curie-Weiss temperature of ¢y ~ 40 K points to the dominance of ferromagnetic
couplings. An antiferromagnetic ordering occurs at ~ 40K as evident from the kink in
magnetic susceptibility and a peak in heat capacity depicted in in Fig. 3.7(a) and (c). The
magnetic ordering in f-LiIrO; has been identified as an incommensurate one with non-
coplanar, counter-rotating spirals of spins with a propagation vector of (0.57, 0, 0) [123] shown
in Fig. 3.3(b). The small amount of entropy associated with the transition is of the order of a few
% of RIn2 indicating frustration [115]. In addition, this frustration suggests that the magnetic
couplings present in f-LizIrOs are larger than the Curie-Weiss temperature, where likely the

greater ferromagnetic interaction is partially cancelled by a competing antiferromagnetic



one, bringing the system close to a ferromagnetic state. Below its ordering temperature, that
is, below ~ 40 K, -Li,IrOs undergoes a metamagnetic transition at poH = 2.8 T as shown in
Fig. 3.7(b). At yoH = 4T, the field-induced moment is ~ 0.35 pp indicating approximately
full polarisation and the peak in heat capacity vanishes [115, 145]. The J.g = 1/2 magnetism,
instability towards ferromagnetism, frustration and theoretical classification of the observed
magnetic order in proximity to the spin liquid phase in the parameter space place f-LiyIrOs
in the vicinity of a Kitaev QSL state [150]. Therefore, -Li,IrO3 provides a playground for

tuning the system towards Kitaev QSL using external perturbations such as pressure.

Effect of pressure

The magnetic-field-induced ferromagnetic moment of -Li,IrO; measured with x-ray mag-
netic circular dichroism (XMCD) at the L;3 edge increases with decreasing temperature
at goH = 4T and shows a kink at T;, of ~ 40K as shown in Fig. 3.5(d). With increasing
pressure however, the XMCD signal at the L3 edge decreases until it completely vanishes
between 2 GPa and 7 GPa, all while the system remains insulating [115]. The vanishing net
ferromagnetic moment could imply a collinear antiferromagnetic long range order or a QSL
state. Detailed experimental investigation showed the suppression of long-range order above
~ 2 GPa was further evidenced by magnetic susceptibility and muon spin rotation measure-
ments [151] as shown in Fig. 3.8(a) and (b). These promising experimental results motivated
the first theoretical investigation of pressure-tuned interactions in a Kitaev material -Li,IrOs,
where it was found with DFT calculations that under high pressure the lattice is compressed
anisotropically and the anisotropic symmetric term I becomes dominant, rendering strong
magnetic frustration and yet another type of QSL [152]. A microscopic model considering
pressurised and strained honeycomb and hyperhoneycomb lattices was also investigated and
it was found that the Kitaev term is much more enhanced as compared to the Heisenberg
term under strain. On the other hand, the off-diagonal term becomes larger than the other
two under pressure [153], which is consistent with the DFT study in Ref. [152]. However,
XMCD and resonant magnetic x-ray scattering demonstrated that J.¢ = 1/2 magnetism might
be no longer relevant as a significant drop in the branching ratio (BR) concomitant with the
drop of the net ferromagnetic moment was observed [154]. The branching ratio is indicative
of the strength of the spin-orbit coupling, however it can be affected by other factors such
as hybridisation. Nevertheless, at ambient pressure the BR ~ 4.5, which at a pressure above
2 GPa drops down to ~ 3, indicative of suppression of spin-orbit coupling and modification of
the J.g = 1/2 state. Moreover, it is found that with further pressure increase -Li,IrO3; under-
goes a structural transition and adopts a monoclinic C2/c structure above ~ 4 GPa. While it
was recognised that 1/3 of the Ir-Ir bonds become shorter than the others, the impact of the

structural change on the electronic structure was not investigated [154]. Understanding of
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B Figure 3.8. Reported properties of f-Li,IrO3; under hydrostatic pressure. (a) Left: Magnetic suscepti-
bility of -Li;IrO; as a function of temperature at different pressures. Right: M(H) curve at different
pressures measured at T = 10 K. Reproduced from Ref. [151]. (b) Time-dependent ZF-uSR spectrum of
of f-LiIrO3 at T = 3.5K at different pressures. Reproduced from fitting of ZF-uSR data in Ref. [151].
(c) Pressure-dependent branching ratio, which is the ratio of intensities at L3 and L, edge defined as
BR = I, /I, and is a measure of the expectation value of the angular part of spin-orbit coupling (L - S).
If(L-S) =0,BR=2.If(L-S) # 0, BR > 2. Reproduced from Ref. [154]. The error bars are omitted.

the driving force of the structural transition might provide important insight into competing
interactions that appear dominant at high pressures, and hence aid the understanding of
the tuning of Kitaev materials. Here, the changes occurring in f-Li,IrOs under hydrostatic
pressure are investigated with neutron diffraction for tracking structural changes including
movement of light atoms, and RIXS together with band structure calculations for elucidating

the changes occurring in the electronic structure.

3.2 Methods

3.21 Sample preparation

An isotope-enriched powder sample for the neutron diffraction experiment was prepared by
solid state reaction using powders of ’Li;CO3 (Sigma Aldrich, isotope enrichment 99 %) and

1931 (Isoflex, isotope enrichment 98.5 %):

1150 °C

. 1100 °C . . .
"Li,CO5 + I === (1 — x) (a-"Liy IrO3) + x (B-"Li, ®Ir0;) + CO,T —— y (-"Li, ’IrOs)

(3.3)
B-LiIrOs is the high-temperature polymorph of Li,IrOs [117], and hence long annealing at
a temperature of 1150 °C with regrinding rendered nearly pure f-Li,IrO3 as demonstrated
in Fig. 3.9. The magnetic susceptibility shows an antiferromagnetic transition in agreement
with Ref. [115]. Single crystals of f-Li,IrO3 used in the RIXS experiment were obtained by a
flux method with LiCl, for detail see Ref. [115].
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B Figure 3.9. Evaluation of the f-LiyIrO5 sample used in the neutron diffraction experiment. (a) Powder
x-ray diffraction patterns of polycrystalline -LiyIrOs-iso#6 batch after first (6-1) and fourth (6-4)
round of annealing at 1150 °C collected with Cu-k« radiation at room temperature and compared to
simulation patterns. (b) Magnetic susceptibility of f-Li,IrOs-iso#6. The black solid line in the inset
represents Curie-Weiss fit in the range between 220 K to 300 K.

3.2.2 Time of flight neutron diffraction under pressure

In order to track the structural changes occurring in f-Li,IrOs at high pressure, including light
atom positions, neutron diffraction via the time-of-flight technique at PEARL, ISIS (Fig 3.10(a))
was employed [155]. The isotope-enriched sample of -"Li;**IrO; was prepared in order to
minimise the neutron absorption cross-section (Table 3.2). A Paris-Edinburgh press with
zirconia toughened alumina (ZTA) anvils and null-scattering Ti-Zr gaskets for achieving
pressures below 5 GPa at room temperature was used. For more detail on the high pressure
neutron diffraction method, visit Ref. [155]. NaCl powder was mixed with the polycrystalline
sample to serve as a pressure marker, and deuterium-substituted methanol-ethanol mixture
(4:1 ratio by volume) was utilised as a hydrostatic pressure medium. The hydrostatic pressure
experienced by the sample and pressure marker mixture was determined by refinement of

the unit cell parameter of NaCl with using third-order Birch-Murnaghan isothermal equation

of state [156]:
(LO)% (LO)% (LO)% : G4
, .

where P is pressure, V; is the reference (ambient pressure) volume, V is the pressure-dependent
volume, By is the bulk modulus and B(’) is the derivative of the bulk modulus. For NaCl at room
temperature, By = 23.5 GPa and Bj = 5.35 GPa [157]. V; was determined from the diffraction
pattern obtained at the lowest pressure of 0.0018 GPa. The hydrostatic pressure achieved
with a given hydraulic press load is shown in Fig 3.10(b).
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B Figure 3.10. (a) The sample environment in the PEARL instrument at ISIS. Sandwiched tungsten
carbide (WC) and ZTA anvils, both coated with boron, oppose the null-scattering Ti-Zr gaskets (grey
elements shown in the red box), into which the powder sample was loaded. The diffracted beam is
always measured in the horizontal plane, which is indicated by the blue arrows. Reproduced from
Ref. [155]. (b) The decrease of NaCl unit cell volume V with increasing hydraulic press load and the
corresponding hydrostatic pressure determined using Equation 3.4.

m Table 3.2. Neutron scattering lengths b and cross sections o for thermal neutrons. b is given in fm
and o is given in barns. All values are taken from Ref. [77] unless specified otherwise.

Isotope Concentration(%) beon binc Ocoh Oinc Otot Oabs
Li — -1.90 — 0.454 092 1.37 705
Li 7.5 2.00 —0.261i —1.89+0.26i 0.51  0.46  0.97  940(4)
"Li 92.5 —2.22 —2.49 0.619 0.78 1.4  0.0454
Ir — 10.6 — 14.1  0(3) 14(3) 425(2)

P17y 37.3 12.1 [159] — — — — 940(4)
1931y 62.7 9.71 [159] — — — — 111(5)
0 — 5.803 — 4.232  0.0008 4.232 0.00019
160 99.762 5.803 0 4.232 0 4.232  0.0001
70 0.038 5.78 0.18 4.2  0.004 42  0.236
80 0.2 5.84 0 4.29 0 4.29  0.00016

The collected neutron diffraction data was reduced, normalised and corrected using

Mantid [158], where the neutron attenuation by the ZTA anvil and Ti-Zr gasket was accounted

for [155]. Rietveld analysis of the neutron diffraction data was performed with the GSAS

programme [80].



3.2.3 Resonant inelastic x-ray scattering under pressure

The electronic structure under pressure was investigated by recording RIXS excitation spectra
up to pressures of ~ 7 GPa measured at Ir L3 edge at BL12XU beamline at SPring-8. For
application of pressure a diamond anvil cell (DAC) was used as shown in Fig 3.11. The
pressure was controlled by four screws holding the two diamond anvils opposite each other. A
beryllium gasket was used in order to minimise the attenuation of the incident and scattered
x-ray beams, and Mo gasket cover with slits was used to minimise background scattering.
A crystal of -LizIrOs of a size of ~ 50 um was used and loaded in the DAC with Fluorinert
(FC70:FC-77=1:1 mixture by volume) as a pressure medium and a ruby ball as a pressure

marker. The pressure dependence R; line in ruby fluorescence is defined as [160]:
A B
P = 21(A/40)" — 1](GPa) (3.5)

where P is pressure, A = 1905 and B = 5 are least-squares fit parameters, Ay and A are
the ambient pressure and pressure-dependent wavelengths of the R; line, respectively. The
pressure achieved in the RIXS experiment is shown in Fig. 3.11(e). Fluorinert is reported to
lose hydrostaticity as a pressure medium above pressures of ~ 1 GPa. Therefore the shift
between the two emission lines R; and R, together with the FWHM of R; were evaluated
in Fig. 3.11(f). The R; — R, does not change significantly with increasing pressure, however
FWHM is larger than 0.5 nm (value for He gas, the most hydrostatic pressure medium known)
and increases with pressure, which could indeed imply some hydrostaticity loss. Nevertheless,
the non-hydrostaticity cannot account for the drastic changes in RIXS spectra shown below.

The energy of the incident x-ray beam was tuned to 11215 eV (2p3;; — 5d(t,4) excitation)
by using a Si(111) double crystal monochromator and four-bounce Si (440) high resolution
monochromator, which was then focused with a Kirkpatrick-Baez mirror. 7-polarised x-rays
were used for minimising Thompson scattering and the scattering angle was fixed to 90° in
planar geometry. The scattered x-ray beam was analysed with a diced and spherically bent
Si(844) analyser. The total energy resolution was ~ 100 meV as determined from the FWHM
of the elastic line. After each pressure load, which required removal of the DAC from the
RIXS geometry, the single crystal of -LiyIrO5 was located by monitoring the intensity of
the Ir L, emission line (3d — 2ps/, excitation) with a spherically bent Ge(733) analyser. The
RIXS spectra were measured at an unknown g, and since honeycomb iridates a-Li;IrO5 and
Na,IrO3 do not show appreciable g-dependence of the d-d excitations [126], it is expected
that the obtained RIXS spectra represent the key features of the d-d excitations in -Li,IrOs.
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m Figure 3.11. Experimental details of the RIXS experiment performed on the single crystal of 5-Li,IrOs.
(a) The view of the sample space surrounded by the Beryllium (Be) gasket with the sample and the ruby
ball visible. (b) The top view of the DAC showing the direction of the incoming (IN) and scattered (OUT)
beam. (c) The side view of the DAC. (d) The view of the Be gasket with a slit permitting transmission of
scattered x-ray beam from the sample only. (e) The pressure experienced by the sample evaluated from
the shift of the Ry ruby emission line. (f) Evaluation of the hydrostaticity of the fluorinert pressure
medium.

3.2.4 Band structure calculations

The LDA band structure calculations were performed using the method described in chap-
ter 2.5.1 and the crystal structures obtained from the neutron diffraction experiment at
pressures of 0 GPa and 4.4 GPa.

3.3 Results

3.31 Dimerisation under pressure

Neutron diffraction patterns of f-LiyIrO3 obtained at pressures of 0 GPa, 2.6 GPa and 4.4 GPa
are presented in Fig 3.12(a), (b) and (c) and the corresponding crystal structures determined
with Rietveld refinement are shown in Table 3.3. The structure parameters obtained at P =
0 GPa are slightly different than those obtained with single crystal x-ray diffraction reported
in Ref. [115], however they give qualitatively the same result. At ambient pressure, -Li,IrO;
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B Figure 3.12. Structural changes occurring in f-Li;IrO3; under hydrostatic pressure inferred from
neutron diffraction patterns observed at P = 0 GPa ((a) and (d)), 2.6 GPa ((b) and (e)) and 4.4 GPa ((c)
and (f)). In (a), (b) and (c) the black crosses, red line, dashed green line and grey line correspond to the
observed pattern, the Rietveld fit profile, the fitted Chebyshev background and the difference curve
between observed and calculated profiles, respectively. The black, red, blue, orange and green bars
represent reflection positions of -LiyIrOs, Ir, NaCl, Al;O3 and ZrO;, respectively. The significant
intensity mismatch at higher d-spacings largely originates from the anvil components, Al,O; and
ZrQOy, as evident from the labelled reflections, most likely due to the modelling of the peak profiles
of those components under high pressure being imperfect. (d), (e) and (f) depict changes occurring
in Ir-O bond lengths and the Ir hyperhoneycomb network with Ir-Ir bond symmetry indicated. The
edge-sharing O-O bonds have the same colour as their corresponding Ir-Ir bond.
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m Figure 3.13. Pressure-dependent lattice parameters of -Li;IrOs. In both (a) and (b) the ambient
pressure Fddd phase has been converted to a C2/c superstructure and hence its volume is decreased
by a factor of 2. (a) Unit cell volume of f-Li,IrO3; under pressure. At around 3.7 GPa a sharp drop is
observed. The inset shows the relationship between the parent rocksalt structure, ambient pressure
orthorhombic Fddd structure, and the high pressure monoclinic C2/c structure as defined by the basis
shown in Table 3.3. (b) Ratio of lattice parameters normalised with respect to the ambient pressure
ones showing anisotropic lattice contraction.

adopts an orthorhombic Fddd structure. As depicted in Fig 3.12(d), the IrO¢ octahedra are edge-
sharing, and each Ir site has three nearest neighbours. While there is one unique Ir Wyckoft
site, the hyperhoneycomb network consists of two types of symmetrically inequivalent Ir-Ir
bonds: one that runs along the crystallographic ¢ axis and has D, point symmetry (Z), and
the two degenerate ones forming a zigzag chain which run along a + b and a — b directions
and have C; point symmetry (X, Y). The angle between all Ir-Ir bonds is ~ 120°, the Ir-Ir
bonds lengths are on average ~ 2.95 A and the Ir-O-Ir angles are between ~ 91° and ~ 96°.
For a better comparison of pressure-dependence of the two structures shown in Fig 3.13,
the Fddd structure has been transformed into the low symmetry C2/c structure following
a group-subgroup transformation (basis shown in Table 3.3). With increasing pressure, the
[-Li,IrOs unit cell shrinks (Fig 3.13(a)), where b axis, which is related to the direction of the
zigzag chains (X, Y bonds), contracts more rapidly as evident in Fig 3.13(b). Consequently, at
P = 2.6 GPa shown in Fig 3.13(e), the lengths of X, Y bonds decrease more (~ 1.2 %) than that
of the Z bond (~ 0.03 % and within the error bar), resulting in X, Y and Z bond lengths being
more isotropic.

With further increase of pressure, a structural transition occurs sharply at P ~ 3.7 GPa.
The ambient pressure orthorhombic Fddd structure transforms into a monoclinic C2/c struc-
ture with the unit cell volume reduced by a factor of 2 as shown in Fig 3.13(a). In the C2/c¢
symmetry, the X and Y bonds are no longer equivalent. In Fig 3.12(f), the Z bond bridging the



m Table 3.3. Refined structural parameters of -LizIrOs3 obtained at pressures of 0 GPa, 2.6 GPa and
4.4 GPa from diffraction patterns shown in Fig 3.12. g and Uy, correspond to the site occupancy and
the isotropic atomic displacement parameter, respectively. Ujs, was constrained to be identical for the
same elements residing on different Wyckoff sites. Ry, and x* are refinement quality indices. a, b, ¢
and f are unit cell parameters.

P = 0GPa, Fddd (No. 70), Z = 16. Ry = 0.0381 and x% = 1.619 for 13 refined parameters.
a =5.9055(4) A, b = 8.4559(5) A, ¢ = 17.8046(12) A.

Atom Site x y z g Usso (Az)
Lil 169 1/4 1/4 0.0556(6) 1 0.0022(11)
Li2 16g 1/4 1/4 0.8707(7) 1 =Lil

Ir 169 1/4 1/4 0.70656(21) 1 0.0047(4)
o1 16¢ 0.8622(10) 1/4 1/4 1 0.00539(35)
02 32h 0.6371(10) 0.36602(35) 0.03797(23) 1 -01

P = 2.6 GPa, Fddd (No. 70), Z = 16. Ryp = 0.0309 and y* = 2.556 for 13 refined parameters.
a=5.8639(4)A, b =28.3601(5) A, c = 17.6882(10) A.

Atom Site x y z g Usso (A%
Lil 169 1/4 1/4 0.0605(7) 1 0.0158(16)
Li2 169 1/4 1/4 0.8717(9) 1 ~Lil

Ir 169 1/4 1/4 0.70773(28) 1 0.0117(4)
o1 16¢ 0.8607(13) 1/4 1/4 1 0.00871(27)
02 32h 0.6339(14) 0.3673(4) 0.04022(26) 1 -01

P =4.4GPa, C2/c (No. 15), Z = 8. Ryp = 0.0242 and )(2 = 2.804 for 25 refined parameters.
Basis with respect to Fddd : [1,0,0], [0,1,0], [-1/2,0,1/2] with origin shift [5/4,5/4,3/2].
a = 5.8386(4) A, b = 8.1301(5) A, ¢ = 9.2245(7) A, = 106.658(5)".

Atom Site x y z g Usso (A%
Lil 8f 0.2567(35) 0.6453(19) 0.2445(22) 1 0.0078(13)
Li2 8f 0.9353(29) 0.6216(23) 0.5980(16) 1 ~Lit

Ir 8f 0.4239(7) 0.3846(5) 0.0788(5) 1 0.00492(34)
o1 8f 0.9027(12) 0.3619(6) 0.5829(9) 1 -01
02 8f 0.7270(10) 0.3893(8) 0.2518(7) 1 0.00491(31)
03 8f 0.4056(12) 0.3665(6) 0.5848(8) 1 -01

X, Y zigzag chains increases in length by a factor of ~ 4 %, while the X and Y bonds increase
and decrease by a factor of ~ 3% and ~ 10 %, respectively (as compared to 2.6 GPa phase).
Effectively, the X, Y zigzag chains comprise alternating short and long Ir-Ir bonds. In addition,
along the short Y links, the Ir-O-Ir angles decrease significantly and the two oxygen atoms

bridging the IrO4 octahedra move further apart from each other as compared to those along



Z or X links, as depicted in Fig 3.12(f).

The difference between the longest and the shortest bonds is of the order of ~ 13 %, and
it is comparable to the difference found in honeycomb ruthenate Li,RuO5 with dimer and
molecular orbital formation [161, 162]. The pattern of dimers found in Li;RuOs is herringbone,
and f-LiyIrO3 adopts a 3D version of that pattern as evident in Fig 3.12(f). The Y bond length of
2.667(10) A is even shorter than that found in metallic Ir (~ 2.71 A [163]), implying formation
of Ir, dimers in the zigzag chains. This is in contrast to the theoretical prediction of dimer
formation along the Z bond in the absence of SOC [164]. To verify the electronic structure
reconstruction and the relevance of the J.¢ = 1/2 state associated with drastic structural
change under pressure in form of Ir, dimer formation, RIXS measurement and band structure

calculations were performed as shown below.

3.3.2 Destruction of the J.& = 1/2 state under pressure

RIXS spectra under pressure collected at room temperature are presented in Fig 3.14(a). The
pressure was determined from the R; ruby emission line shown in Fig 3.14(b). The pressure
in the DAC exhibited slight instability as it increased and decreased with measurement time.
Nevertheless, each measurement comprises x-ray emission data strictly above or below the
Ps. For simplicity, each measurement will be referred to with its pressure determined after
the RIXS scan.

The bottom panel of Fig 3.14(a) shows Ir L3 edge RIXS spectrum of a reference polycrys-
talline sample of f-Li»IrO; at ambient pressure and room temperature (also displayed in
Fig 3.3(c)). Except for the elastic peak at 0 eV, two clear features are observed at ~ 0.7 eV and
~ 3.5eV, which correspond to Jog = 3/2 — Je = 1/2 and t,; — e, excitations, respectively.
The spin-orbit exciton confirms the predominant J.g = 1/2 character of f-Li»IrOs. The RIXS
spectrum from the single crystal at P = 0.9 GPa is similar to that observed in powder, which
confirms that there should be no sizeable g-dependence of the d-d excitations. When the
pressure is increased to P = 3.1 GPa, the spin-orbit exciton remains, evidencing that despite
the suppression of long-range magnetic order at around 1 GPa to 2 GPa [151], the J.g = 1/2
state remains relevant. However, with the given resolution it is difficult to determine whether
subtle changes in intensity or excitation energy take place. In the honeycomb «-LiIrOs, which
also shows dimerisation at high pressures [165], the intensity and energy of the spin-orbit
exciton decreases at pressures below P which is discussed to be a signature of electronic
structure modification caused by lattice deformation below Ps [166].

At a pressure of 6.0 GPa, that is, above the structural transition, a drastic change occurs in
the excitation spectra. The spin-orbit exciton observed at ~ 0.7 eV at lower pressures vanishes,

and instead, a broad continuum stretching from 0.3 eV to 2 eV appears. In addition, on the
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m Figure 3.14. (a) RIXS spectra of -Li;IrOs under pressure collected at room temperature. In addition,
RIXS spectra of polycrystalline sample at ambient pressure (bottom) and of single crystal sample
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fluorescence spectra from the ruby ball located inside the sample space of the DAC corresponding to
some of the pressure points measured in (a).



low-energy side of the t,; — e, excitation a shoulder at ~ 2.8 eV emerges. When the pressure
in the DAC is decreased to below P;, the peak at ~ 0.7 eV is recovered as shown in the top
panel of Fig 3.14(a), evidencing that the modification of the RIXS spectra at high pressures is
not due to damage or decomposition of the sample due to x-ray irradiation or reaction with
the pressure medium. The disappearance of the spin-orbit exciton above ~ 3 GPa implies that

the Jo = 1/2 local electronic state is destroyed in the high pressure phase.

3.3.3 Formation of molecular orbitals in the Ir, units under pressure

The electronic structure calculations for the ambient pressure and the high pressure phases
of B-LiyIrO3 are shown in the partial density of states (DOS) shown in Fig 3.15(a), (c) and (b),
(d), respectively. On-site Coulomb U was not incorporated, and for the Fddd phase a metallic
state is produced with and without spin-orbit coupling. In Fig 3.15(a) and (b) the spin-orbit
coupling is not incorporated. The top and bottom panels show the partial DOS projected onto
O 2p and Ir 5d states, where substantial hybridisation between those is evident. In Fig 3.15(c)
and (d), the spin-orbit coupling is included in the calculation. The top panel shows DOS of Ir
5d states projected onto J = 5/2 (J5/2) and J = 3/2 (J3/2) states, while the bottom panel depicts
Ir t54 orbitals resolved into Jo = 1/2 and 3/2 characters. The pure J.g = 1/2 wave function
comprises only the Js5/; states and Jo¢ = 3/2 wave function consists of both J5/, and J3/5.

We begin by considering the band calculation results for the ambient pressure phase
without and with spin-orbit coupling. The bottom panel of Fig 3.15(a) shows that in the
Fddd ambient pressure phase wihout spin-orbit coupling, the states between ~ —1.5eV and
~ 0.25 eV comprise the t;; manifold giving a metallic state, while the states between ~ 3 eV
and ~ 4 eV are the e; ones. The t,, (1), (2) and (3) are degenerate states comprising combination
of dyy, dy, and d,, states due to the weak distortion of the IrOg octahedra. In Fig 3.15(c),
when spin-orbit coupling is incorporated in the band structure calculations, the DOS of the
Fddd phase are strongly affected. Spin-orbit coupling splits the degenerate t,4 states into
the half-filled J.& = 1/2 band located at +0.25 €V and the J.¢ = 3/2 band located between
~ —1.5eV and ~ —0.5eV. The states near Er comprise mostly Js5/, and hence Jx = 1/2,
states, which is consistent with the J.¢ = 1/2 magnetism observed in f-Li,IrOs. Since a
metallic state is obtained for the Fddd phase with spin-orbit coupling, incorporation of U
would be necessary to gap the J.g = 1/2 band, which is consistent with f-Li,IrO3 being a
Mott insulator.

The structural transition has great impact on the electronic structure which is evident
from the DOS of the C2/c phase without spin-orbit coupling. In Fig 3.15(b) an insulating result
is obtained. The local axes are defined such that the d,, orbitals point along the shortest Ir-Ir
bond (Fig 3.15(e)). While there are two (ty4)-derived orbitals that remain nearly degenerate
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m Figure 3.15. Calculated DOS for Ir 5d states for the ambient pressure structure ((a) and (c)) and the
high pressure structure ((b) and (d)) of f-LiyIrO; with ((c) and (d)) and without ((a) and (b)) spin-orbit
coupling. The Fermi level Er is indicated by dashed black lines. The e, (1) and (2) states correspond
to d,» and d,_,: states, respectively. In (a) and (b), the top and bottom panels show the O 2p and Ir
5d states, respectively. The ;4 (1), (2) and (3) states correspond to three degenerate orbitals which
all comprise combinations of dy, dx, and dy, due to the weak distortion of the IrO¢ octahedra. In (c)
and (d), the top panels illustrate DOS resolved into 5/, and J5/, full d orbital states, while the bottom
panels illustrate DOS with t,4 states resolved into J.g = 1/2 and o = 3/2 states. In (c), the Jog = 3/2
(1) and (2) states comprise mostly |Jer = 3/2, J% = £1/2) and |Jer = 3/2, J%; = £3/2), respectively. In
(d), t24 (1) and (2) represent spin-orbital entangled d,, and d,, states. The d. orbital points along
the Ir, dimer as depicted in (e). (e) The C2/c high-pressure structure of -Li,IrO3; showing the IrOq
octahedra only. The local x, yz axes correspond to the ones used in (a), (b), (c), (d). (f) Top: the primary
direct d-d hopping mechanism between d,, orbitals along the shortest Ir, bonds. Bottom: a diagram
showing bonding and antibonding molecular orbital formation due to the hopping depicted above as

observed in (d).



just below the Fermi level Ef, the d,, orbital becomes split by ~ 2.4 eV implying bonding and
anti-bonding molecular orbital formation. This suggests the destruction of the J.¢ = 1/2 state
and molecular orbital formation along the Ir, dimers. In addition, in the top panel of Fig 3.15(b),
the O3 2p states appear dominant over other oxygen atom states at the anti-bonding band at
~ 0.8 eV, which might be consistent with the O3 atoms bridging the Ir, dimers. Moreover,
the e, states are split due to the strong distortion of the IrOg octahedra which appears to be
manifested by the broadening of the t,; — e, excitation at high pressure observed in RIXS
(Fig 3.14(a)).

In contrast to the Fddd phase, incorporation of spin-orbit coupling does not show appre-
ciable impact on the DOS of the C2/c phase shown in Fig 3.15(d). The gap remains robust, and
the bonding and antibonding states located at ~ —1.8 eV and ~ 0.8 eV, respectively, hold much
of the d,, character. Therefore, the J-state description is no longer convenient, evidencing that
the spin-orbit coupling is not the energy scale governing the local electronic states. Instead,
the direct hopping t between d orbitals dominates. Since the (dy.dy.)-derived orbitals remain
nearly degenerate in Fig 3.15(b), those become entangled and split by spin-orbit coupling as
seen in the t,,(1) and (2) states in Fig 3.15(d).

The molecular orbital formation can be understood by considering direct d-d hopping
between d orbitals along the Ir; dimers. The dy, and d,, orbitals point away from the shortest
Ir-Ir bond, and hence are full and inactive, while the d,, orbital which points along that bond
is half full on each Ir site. The direct d-d hopping between dy, orbitals renders bonding ¢ and
anti-bonding o* molecular orbital states. As a result, a molecular orbital scheme shown in
Fig 3.15(f) is obtained. Two Ir sites contribute 5 d electrons each, filling the 0 molecular orbital
and the non-bonding (dxy, dyz)—derived orbitals, giving a band insulator, which is consistent
with the result in Fig 3.15(b) and (d). Incorporation of spin-orbit coupling entangles and splits
the non-bonding orbitals. The presence of several filled bands between ~ —2eV and ~ 0 eV in

Fig 3.15(d) may account for the broad continuum stretching up to ~ 2 eV observed in RIXS
(Fig 3.14(a)).

3.4 Discussion

The destruction of the J.¢ = 1/2 state and molecular orbital formation under pressure
evidences the competition between the spin-orbital entanglement and hopping-induced
dimerisation in f-Li,IrOs. The spin-orbital entanglement dominates and overcomes the
direct hopping, stabilising the J.g = 1/2 state at ambient pressure. With increasing pressure
, the anisotropic lattice distortion enhances direct d-d hopping in 1/3 of the Ir-Ir bonds,

aiding the dimerisation and molecular orbital formation. The competition between spin-
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m Figure 3.16. Examples of types of dimer pattern adopted in honeycomb systems with edge-sharing
octahedra. The Z bonds of the respective ambient pressure structures are shown in blue, while
the X and Y bonds are shown in black and red, where the red bond corresponds to the dimer. (a)

Ladder pattern found in @-LiyIrO; and @-RuCl;. (b) Herringbone pattern found in Li;RuQs. (c) The
3D-analogue of a herringbone pattern found in f-Li,IrOs.

orbital entanglement and dimerisation is also supported theoretically, where it was found
that in the absence of SOC, dimer formation should occur along the Z-type (symmetrically
unique) Ir-Ir bond in f-LizIrO3 [152] or Ru-Ru bonds a¢-RuCl; under pressure [164]. Indeed,
this competition seems to be universal in honeycomb-based 4d and 5d materials with edge-
sharing octahedra, including Kitaev materials. However, none of the Kitaev materials form
dimers along the Z bonds, but rather the X or Y bonds. a-Li;IrO3 [165], @-RuCl; [167] and
a-MoCl; (4d® with dimers along the Z bonds) [168] form a ladder pattern shown in Fig 3.16(a),
while -LiyIrOs [161, 162] adopts a 3D version (Fig 3.16(c)) of the herringbone pattern shown
in Fig 3.16(c) adopted by Li,RuO3 (4d*). While the Kitaev (d° electron count) materials form
molecular orbitals under pressure, Li;RuO; and a-MoCl; readily dimerise at low temperatures
and ambient pressure.

The dimerisation in B-LiyIrOs occurs at P; ~ 3.7 GPa at room temperature, however
suppression of magnetic order is reported at pressures below ~ 2 GPa as seen in ySR and
magnetic susceptibility [151] as well as in XMCD [115, 154] (Fig 3.8). Initially those results were
interpreted as purely electronic effects due to lattice deformation, albeit without symmetry
breaking, since the structural transition occurs only at higher pressures at room temperature.
Recently Veiga et al. investigated the structural changes occurring in f-LiyIrO5 at high
pressures and low temperatures, and it has been found that a structural transition takes place
P; ~ 1.5GPaat T = 50K [169]. In addition, the authors reported new structural phases at
T = 50 K. With increasing pressure, Fddd transforms into monoclinic P2;/n above ~ 1.5 GPa,
where only 1/6 of the Ir-Ir bonds dimerise, which can be interpreted as a “precursor” to the
fully dimerised high pressure phase [169]. With further increasing pressure above ~ 1.5 GPa,
the fully dimerised C2/c phase coexists with a dimerised Fddd phase, where in the latter the

Z bond is the shortest one [169], which is interestingly in agreement with the theoretical



prediction [152]. Finally above ~ 6 GPa, f-LiIrO; comprises pure dimerised C2/c phase.
Therefore, the pressure-induced suppression of magnetic order at high and low pressures
and temperatures in -Li;IrO5 can be associated with formation of molecular orbitals in Ir,

dimers or dimer “precursors”.

3.5 Conclusion

B-LipIrO5 undergoes Ir, dimer formation at a pressure of ~ 4 GPa, where the spin-orbital en-
tangled Jo¢ = 1/2 state breaks down. Instead, pressure-enhanced direct d-d hopping between
dy, orbitals on neighbouring Ir sites generates bonding and anti-bonding molecular orbitals.
Other honeycomb systems with edge-sharing octahedra, a geometry which favours direct
d-d hopping that competes with the d-p-d hopping, also show dimer formation, often despite
sizeable spin-orbit coupling. Therefore, the competition between spin-orbital entanglement

and molecular orbital formation is universal in the honeycomb-based iridates and ruthenium

chloride.






Chapter 4

In,lr,07,—a nearly pure J.¢ = 1/2 Mott
Insulator

41 Introduction

The honeycomb network with edge-sharing octahedra discussed in chapter 3 provides a
route for frustration via competing bond-dependent ferromagnetic couplings of J.g = 1/2
pseudospins. Another route for frustration in interactions between J.g = 1/2 states is a
geometrically frustrated lattice, such as the pyrochlore lattice found in A;Ir,O;. In recent
years, pyrochlore iridates have been receiving a lot of attention as interplay between U and
Asoc taking place on a frustrated lattice is expected to produce novel electronic states such
as a Weyl semimetal (WSM) state with long-range all-in-all-out magnetic order [52]. The
properties of pyrochlore iridates depend on the ionic radius of the A site which controls
the Ir 5d bandwidth, through which the system is driven from metallic to insulating regime
with decreasing size of A and increasing trigonal compression of IrO¢. While there has
been considerable effort made towards identifying a WSM, little attention has been given
to pyrochlore iridates in the strongly insulating limit, in particular the relevance of the
Jeft = 1/2 in the large distortion limit. We discovered a new pyrochlore iridate In,Ir,O; with
the smallest A ion and largest trigonal compression. Surprisingly, In,Ir,O; realises an almost
pure Jo = 1/2 state, while other pyrochlore iridates show strong mixing of J.¢ = 1/2 and
Jet = 3/2 characters. We find distinct electronic structure of InyIr,O7 can be rationalised by
the effect of the A-O bond covalency.

In section 4.1 we introduce the family of pyrochlore iridates and predicted exotic electronic
states. In section 4.2 we outline the methods used in this work. We describe the physical
properties of new pyrochlore iridate In,Ir,O7 and the electronic structure elucidated with band
structure calculations in section 4.3. In section 4.4, we discuss the implications of intersite
hopping in pyrochlore iridates and the influence of In-O bond covalency on the electronic

state of InyIr,O5.



The content presented in this chapter has been previously published in Ref. [170].

411 Properties of pyrochlore iridates

Distortion-tuned bandwidth

Pyrochlore iridates crystallise in the cubic Fd3m structure with a unit cell parameter a ~ 10 A
consisting of two interpenetrating pyrochlore networks of A and Ir cations (Fig. 4.1(a)). There
exist two degrees of freedom in the crystal structure of pyrochlore iridates with chemical
formula A,Ir,O7: lattice parameter a and O1 x fractional coordinate, where both are scaled by
the ionic size of the A cations ra (refer to Appendix A for more detail). With decreasing ra,
the IrOg trigonal compression increases (as O1 x increases) and the Ir-O-Ir angles decrease as
illustrated in Fig. 4.1(b). Small Ir-O-Ir angles reduce the hopping between the neighbouring
Ir sites, which decreases the t,; bandwidth. Accordingly, the electronic state and physical
properties of pyrochlore iridates evolve with ra [171, 172]. As shown in Fig. 4.1(d), for the
largest reported r in the pyrochlore iridate family, Pr,Ir,O; is metallic down to the lowest
temperatures [173, 174]. With decreasing ra through to A = Nd, Sm and Eu, the system
undergoes a metal-to-insulator transition with decreasing temperature and exhibits long-
range magnetic order (Fig. 4.1(c) and Fig. 4.3(a)). Upon further reduction of the size of the A
cation to Y or Lu, the system is insulating up to room temperature, while the magnetic ordering
takes place only at low temperatures. We can now add the newly discovered pyrochlore iridate
InyIr,O7 to this phase diagram. The onset of long range magnetic order Tp, is suppressed for
small ra, which is expected as T}, should be scaled by the exchange interaction J.x which

should be proportional to the bandwidth.

Jett = 1/2 state and the effect of trigonal distortion

The relevance of the J.r = 1/2 state to pyrochlore iridates can be verified with RIXS ex-
periments at Ir the L; edge. Similarly to honeycomb-based iridates (chapter 3), in A = Pr,
Eu and Y pyrochlore iridates excitations around 1 eV are observed [85, 175] (Fig. 4.2(a)). In
perfect cubic symmetry, one would expect one excitation within the t;; manifold, that is
the Jog = 3/2 — Jeg = 1/2 excitation. However, the Ir sites have D3; symmetry and IrOq
octahedra are trigonally compressed, which would lead to splitting of the J.¢ = 3/2 states and
their mixing with the J.g = 1/2 states. Indeed, two distinct peaks are observed below 1.5 eV in
all three compounds, and the splitting is of the order of 0.5 eV, about 2 times larger than those
found in honeycomb-based iridates [126]. Therefore, the trigonal crystal field experienced by
Ir atoms in pyrochlore iridates is significantly stronger than that found in the honeycomb
analogues. Such a large trigonal crystal field should induce substantial mixing of the J.g = 3/2
states with the J.¢ = 1/2 ones, and that has indeed been observed in LDA band structure
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corner-sharing tetrahedra in the A;Ir,O7 pyrochlores. (b) The geometry of the Ir;(O1)¢ network. The
axis of the trigonal compression is aligned with the local (111) directions of the Ir tetrahedra. The
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dependent electrical resistivities p(T) of A;Ir;O7 for A = Pr, Nd, Sm, Eu, Gd, Tb, Ho and Dy. Figure
reproduced from Ref. [172]. (d) Phase diagram for the pyrochlore iridates A;Ir,O; based on transport
and magnetometry measurements as a function of the A** ionic radius. Circles and squares denote the
transition temperature Tp,. The A%* cations that do not host any magnetic moment are shown in red
colour, while the non-lanthanide A** cations are denoted by squares. A = In, the new member of the
pyrochlore iridate family, is shown in bold. Figure reproduced and modified from Ref. [70, 172].
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m Figure 4.2. (a) RIXS spectra of Pr;Ir,O7, Euylr,O7 [85] and Y,Ir, Oy [175]. The E; and E; excitations
correspond to the excitations from the split Jo = 3/2 states to the J.g = 1/2 state. Note that the data
is reproduced from cumulative fits of RIXS spectra in Ref. [85, 175].

of Y,Ir,07 [176]. However, in the single ion approximation, the | Jog = 3/2, J7; = +3/2) state
remains pure and does not mix with the other two doublets as shown in Fig. 4.8(b). On
the other hand, the band structure calculation in Ref. [176] shows that a sizeable weight of
|Jet = 3/2, JZ%; = £3/2) component emerges near the Fermi level, which indicates that other

mechanisms could play a role in the character of the local electronic state.
Jett = 1/2 moment on pyrochlore lattice

Except for Pr,Ir,O7, pyrochlore iridates are Mott insulators and show localised moment
magnetism. In the magnetisation of pyrochlore iridates, a sharp anomaly appears at low
temperatures [171, 172] (Fig. 4.3(a)), which correspond to long-range magnetic order as
evidenced by a muon precession frequency developing below T, [177-180] and anomalies in
specific heat [171, 172]. The effective magnetic moment pg of Ir** is not widely reported
as most pyrochlore iridates host magnetically active A cations which make the Curie-Weiss
fitting and extraction of y.g non-trivial. For non-magnetic A =Y and Lu, the peg is ~ 1.9 up
and ~ 1.4 ug [170], respectively, which is close to the ideal value for J.g = 1/2 or spin-only
S = 1/2. The Curie-Weiss temperature Ocw is ~ —1200K and ~ 725K for A = Y and Lu,
respectively, which indicates dominant antiferromagnetic exchange and frustration.
Nearest neighbour Heisenberg antiferromagnetic exchange yields a spin liquid on a py-
rochlore lattice in both classical [181] and quantum limits [182]. However, in the Fd3m
A,lr;O7, the Ir-Ir bond has C,,, symmetry, which lacks inversion and introduces the antisym-
metric Dzyaloshinskii-Moriya (DM) interaction. One can express the interactions between

classical spins on the pyrochlore lattice as follows:

H=]) S8+ DySixS8 (4.1)
@) @)
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B Figure 4.3. (a) Temperature dependent magnetic susceptibilities M/H(T) of A;Ir;,O; for A = Eu
and Sm for applied magnetic fields of 0.1 T. The black arrows denote zero-field-cooling (—) and
field-cooling (<) curves. The dotted line corresponds to the calculated contribution from the Van
Vleck susceptibility of Eu** ion with A = 375K. The green arrows denote the magnetic transition
temperature Tp,. Figure reproduced from Ref. [172]. (b) All-in-all-out order on the pyrochlore lattice.

where J and D;; are the isotropic antiferromagnetic Heisenberg and antisymmetric DM
coupling between classical spins S; and S; on neighbouring sites i and j such as Ir nearest
neighbours. In addition, spin-orbit coupling is large in pyrochlore iridates, and as the strength
of the DM interaction is scaled by spin-orbit coupling [183], it should be relevant in these
materials. The symmetry of the Ir tetrahedron is T; and by using Moriya’s rules [183] one
can fix the orientation of a DM vector along one of the Ir-Ir bonds as illustrated in Fig. 4.4(a).
However, it is not possible to determine the sign of a DM vector from symmetry arguments.
The vectors on the other bonds can be obtained by applying T; symmetry operations (while
keeping in mind that the DM vector is a cross product of S; and S;) which gives two possible
configurations for positive and negative D, which are referred to as “direct” and “indirect”,
respectively [184] (Fig. 4.4(b)). It is convenient to transform the Ir pyrochlore network into
a new Bravais lattice where one whole Ir terahedron is a lattice point, or a “simplex” (as
the one shown in Fig. 4.4(a)). Then, minimising equation 4.1 would give AIAO magnetic
order for D > 0 and non-coplanar and orthogonal magnetic orders for D < 0 [185]. Fixing
the magnetic order on one tetrahedron determines the configuration for the whole unit cell.
In the AIAO magnetic order, which is shown in Fig. 4.3(b), spins align with the local (111),
(1,-1,-1),(-1,-1,1) and (-1, 1, —1) (or equivalent) directions in the Ir tetrahedron, where
all spins point either towards or away from the centre of the tetrahedron. The ATIAO order is
a q = 0 order which breaks time-reversal symmetry, but not inversion symmetry, and it is
discussed to be an essential ingredient for the Weyl semimetal state.

Pyrochlore iridates show ZFC-FC hysteresis in magnetisation, where small ferromagnetic
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B Figure 4.4. (a) The Ir tetrahedron has T; point symmetry. One of the mirror planes shown in red
determines the orientation of a DM vector shown in blue. (b) Two possible D configurations depicting
the DM interaction on the pyrochlore lattice. Left and right are referred to as “direct” and “indirect”,
respectively. Reproduced from Ref. [184]

moment develops below Ty, in the FC curve as illustrated in Fig. 4.3(a). For the AIAO magnetic
order, two types of configurations related by time-reversal symmetry exist: all-in-all-out and
all-out-all-in (AOAI) and the domain walls between those host a ferromagnetic moment [186-
188], which could account for the small magnetic moment below T,,. Eu,Ir,O7 and SmyIr, O
indeed realise the AIAO magnetic order as evidenced by resonant elastic x-ray scattering
(REXS) [189] and magnon dispersions inferred from RIXS [190-192].

41.2 Topological semimetal in pyrochlore iridates

The Weyl semimetal is a solid-state analogue of Weyl fermions in high-energy physics. Weyl
fermions emerge as solutions of the Weyl equation, which is a massless limit of the Dirac
equation for relativistic fermions. As such, Weyl fermions are massless spin-1/2 particles and
can be described with two-component wavefunctions in contrast to the four-component Dirac
spinors. The equation can be separated such that the solutions are left- and right-handed
spinors, i.e. they have a definite chirality [193].

In a Weyl semimetal, the Weyl fermions arise as low-energy excitations in linearly dispers-
ing bands that intersect in a node called the Weyl point [193]. The nodal Weyl points imply
that the spectrum of the Weyl semimetal is gapless. In the absence of either time-reversal
symmetry (TRS) or crystal inversion symmetry (IS) the two chiralities are non-degenerate
and the Weyl points split in momentum space. In the special case that both TRS and IS are
preserved, there is only a single Weyl point which is equivalent to the Dirac semimetal (right
side of Fig. 4.5(c)). On the surface, the projections of bulk Weyl nodes on the surface are
connected by open curves called the “Fermi arcs” (left side of Fig. 4.5(c)). One of the important
consequences of the WSM band structure is chiral anomaly, which occurs when simulta-

neously applied nonorthogonal electric and magnetic fields induce population imbalance
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of the two Weyl valleys with opposite chirality. The chiral anomaly is predicted to lead to
negative magnetoresistance and exotic properties such as nonlocal transport and optical
properties [193, 194]. The Fermi arcs are unique to the WSM state and hence are accepted as
the experimental evidence of a WSM. Fermi arcs have been observed with surface-sensitive
ARPES in non-centrosymmetric (broken IS) arsenides and phosphides [195-197]. Another
route for WSM is breaking time-reversal symmetry.

Pyrochlore iridates were the first proposed materials to realise the WSM state via time-
reversal symmetry breaking in AIAO magnetically ordered state with use of LDA+U DFT
calculations [52]. This result was reproduced by phenomenological Hubbard model [198,
199]. All studies claim that the essential ingredients for realising a WSM state in A;Ir,O7 is
AIAO order of Ir moments and not too excessive correlations. Ref. [70] studied a minimal

nearest-neighbour Hamiltonian:

H = Z Cj(tl + itzdij . O')Cj + % Z(ni - 1)2 (4.2)

(ij) i
where the first and second terms are the kinetic and mean-field Hubbard terms, respectively.
U is Coulomb repulsion, t; and ¢, are hopping parameters defined as combinations of direct
and oxygen-mediated hoppings, o is a vector of Pauli matrices acting on the pseudospin, d;;
is a real vector aligned along the opposite bond on the tetrahedron between i, j sites, cl.T and ¢;
are electron creation and annihilation operators, respectively and n; is spin density operator
at site i for different possible spin configurations.

The resulting electronic structure as a function of direct hopping and correlation is
illustrated in the phase diagram in Fig. 4.5(a). For some certain parameter range of direct
hopping and weak correlation, the pyrochlore iridates realise a semimetallic state with
quadratic band touching (bottom panel of Fig. 4.5(b)). With increasing correlation, the Ir
moments become localised and AIAO magnetic order takes place and splits the degenerate
bands into non-degenerate Weyl nodes with opposite chiralities with a total of four pairs
(middle panel of Fig. 4.5(b)). With further increasing of U, the Weyl nodes migrate across the
Brillouin zone closer to each other to finally annihilate, which generates a gapped phase with
AJAO magnetic order shown in the top panel of Fig. 4.5(b).

Pr,Ir,O; with the largest ro seems to realise the semimetallic phase as it is a bad metal
with low carrier concentration [200], which implies a semimetallic state. Indeed, quadratic
band touching has been identified by ARPES [173]. While for other pyrochlore iridates the
magnetically active A3 cations appear to interact weakly with the Ir** and order or freeze at
temperatures lower than Ty, [178], the Pr** 4f magnetic moments are reported to play an
important role in the low energy properties and are discussed to exhibit chiral spin-liquid
behaviour [174, 200, 201].



With decreasing ra through to A = Nd, Eu Sm and Eu, and thus naively decreasing the
bandwidth and increasing correlation, the system undergoes a metal to insulator transition
with ATAO ordering. In both Nd;Ir,07 and Eu;Ir,0; a charge gap emerges below Ty, [202, 203],
suggesting that the two compounds locate in the large U/t; region of the phase diagram in
Fig. 4.5(a). Accordingly, it has been discussed that correlation in pyrochlore iridates is too large
and topologically trivial state is stabilised in the insulating phase [176, 204]. Nevertheless,
Nd;Ir,07 and Eu,Ir,O; show indications of a semimetallic or narrow-gap semiconductor state
in the high-temperature metallic regime as inferred from optical conductivity [203, 205] and
quadratic band touching similar to that of Pr,Ir,O; identified in ARPES [206]. Therefore, even
though Nd,Ir,O; and Eu,Ir,O7 are insulators, there exists a chance these compounds could
be tuned towards a WSM state. Indeed, the MIT is suppressed by application of pressure [202,
207] or doping with Rh [203]. However, ARPES measurements, essential for identification of
a WSM state, are lacking.

Attempts to stabilise a WSM state in Nd,Ir,O; with external magnetic field have also
been reported [207-209]. When the magnetic field is applied along the [001] crystallographic
direction, an insulator to semimetal transition occurs, while the AIAO order of Nd** moments
switches to 2-in-2-out configuration above ~ 10 T. On the other hand, when the magnetic
field is applied along the [111] crystallographic direction, a 3-in-1-out configuration is sta-
bilised. The phase with 2-in-2-out configuration is discussed to realise a nodal-line semimetal
state [207, 209], while the 3-in-1-out phase is suggested to generate yet another type of WSM
phase [209].

41.3 Validity of J.¢ = 1/2 state in the limit of strong non-cubic crystal field

Pyrochlore iridates appear to be an exciting platform for exploration of quantum magnetism,
Weyl semimetal and related phases according to theoretical predictions and recent exper-
imental observations under pressure and magnetic field. The AIAO magnetic order has
been established for A,Ir,O; with relatively large A cations such as Eu or Sm, however the
strongly distorted region of the phase diagram has not been investigated in that context so
far. In addition, a general understanding of the electronic structure of pyrochlore iridates has
been lacking, especially with respect to the influence of large trigonal crystal field on the
character of the Jo = 1/2 states. The magnitude of the trigonal crystal field appears to be
comparable (~ 0.3 eV) to that of spin-orbit coupling (~ 0.4 eV). While the pioneering DFT
study in principle takes such aspects into account [52], the tight-binding models do not [70].
The role of J.g = 3/2 states mixing into the J.r = 1/2 band could play an important role in
the properties of pyrochlore iridates. In addition, in the large trigonal distortion limit, the

Jeft = 1/2 description could be invalid. It is therefore of interest to explore new pyrochlore



iridates in the large trigonal crystal field limit and examine the validity of J.g = 1/2 character.
In search of new pyrochlore iridates with large trigonal distortion, we discovered a new, most

distorted pyrochlore iridate In;Ir,O;.

4.2 Methods

421 Sample preparation

The polycrystalline samples of In,Ir,O; were obtained by a high-pressure synthesis technique
(section 2.1.2). Powders of In,O3 (Alfa Aesar, 99.994 % metal basis) and IrO, (Tanaka Kikinzoku,
86 wt.% Ir content) were mixed and ground in stoichiometric molar ratios, and sealed in a
platinum-foil ampoule. The ampoule was heated at 1500 °C for 30 minutes under pressure of

6 GPa in a cubic anvil press, and quenched to room temperature.

4.2.2 Powder x-ray diffraction and analysis

X-ray powder diffraction data of the powdered In,Ir,O; sample were collected at room
temperature with a Stoe Stadi-P transmission diffractometer (primary beam Johann-type
Ge(111) monochromator for Ag-Ka;-radiation, Mythen-1K PSD) in Debye-Scherrer geometry
with the sample sealed in a glass capillary of 0.5 mm diameter (Hilgenberg, glass No. 50). The
powder pattern was recorded for 24 h in the 20-range from 2 to 9° with a step width of 0.02°.
The sample was spun during measurement for better particle statistics. Rietveld refinement
was performed with TOPAS6 [81].

4.2.3 Resonant inelastic x-ray scattering

The resonant inelastic x-ray scattering (RIXS) measurement was performed on a polycrys-
talline pellet of In,Ir,O; at BL11XU beamline of SPring-8. The energy of incident x-rays
was tuned at 11.215 eV, which is about 3 eV below the peak energy of the white line in the
x-ray absorption spectrum at the Ir Ls-edge. This energy corresponds to the excitation of
Ir 2p3/, to 5d tyy. The incident x-ray beam was monochromised by a double-crystal Si(111)
monochromator and a secondary Si(844) four-crystal monochromator. The scattering angle
(20) was fixed at 90° and 7-polarised incident x-rays were used in order to minimise the elastic
scattering. The scattered x-rays were analysed by a diced and spherically-bent Si(844) crystal.
The measurement was performed at 7K and the total energy resolution, evaluated by the
elastic scattering of amorphous thin tape, was about 50 meV. The least squares fitting of the

RIXS spectrum of In,Ir,O; was performed using a method described in section 2.3.1.
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Rietveld analysis of XRD pattern of polycrystalline In,Ru,07 collected with Ag-Ka; radiation at room
temperature. The black crosses, red line and grey line represent the observed pattern, the calculated
profile and the difference curve between the observed and calculated profiles, respectively. The blue,
red and black bars correspond to reflection positions of InyIr,O7, IrO, and Ir, respectively.

4.2.4 Band structure calculations

The LDA band structure calculations were performed using the method described in sec-

tion 2.5.1 and the crystal structures obtained from the x-ray diffraction experiment.

4.3 Results

4.31 New pyrochlore iridate with frustrated magnetism

The In,Ir,O; sample was stable in air and it consisted of InyIr,O7 (97.81(10) wt.%), IrO,
(1.26(8) wt.%) and Ir (0.93(5) wt.%) as determined by Rietveld analysis, shown in Fig. 4.6(c).
In,Ir, 07 crystallises in the cubic pyrochlore structure with the space group Fd3m ( Fig. 4.6(a)).
As expected from the smallest cation radius of In** of 0.92 A, In;Ir,O; has the smallest unit cell
constant of 9.9884(4) A, the largest trigonal compression of IrOg octahedra and the smallest Ir-
O-Ir angle of 125.8(3)° among reported pyrochlore iridates (Fig. 4.6(b)). The refined structural
parameters are displayed in Table 4.1. As discussed in chapter 1, the degree of trigonal
distortion in cubic pyrochlores can be parameterized by the x fractional coordinate of the
O1 atom. x. = 5/16 corresponds to the case of a regular IrO4 octahedron, which produces
an Ir-O-Ir angle of ~ 141°. x > x. corresponds to trigonal compression and an Ir-O-Ir angle
smaller than ~ 141°, commonly found in pyrochlore iridates. x = 0.3405(5) for In,Ir,O7 yields

the largest trigonal compression and the smallest Ir-O-Ir angle of 125.8(3)° among pyrochlore



m Table 4.1. Refined structural parameters of In,Ir,O7 at room temperature. The space group is Fd3m : 2
(No. 227) and Z = 8. The lattice constant a is 9.9884(4) A. g corresponds to occupancy. The isotropic
displacement parameter Uiy, converged to 0.0(1) A for all atoms. R,,, = 0.0562 and y = 1.99 for 6
refined parameters.

Atom Site x y z g
In 16d 1/2 1/2 1/2 1
Ir 16¢ 0 0 0 1

01 48f 0.3405(5) 1/8 1/8 1
02 8b 3/8 3/8 3/8 1

iridates. This implies that In,Ir,O; has relatively small 5d bandwidth and represents the
insulating limit of the family of pyrochlore iridates.

In,Ir,O7 shows insulating behaviour as evident from the resistivity measurement shown
in Fig. 4.7(a), which is consistent with the expected small bandwidth due to the small Ir-O-Ir
angle. The Arrhenius fit displayed in the inset of Fig. 4.7(a) shows that the activation energy
around room temperature is ~ 100 meV, which is comparable to those of strongly insulating Ir
oxides such as BayIrO4 and a-Li,IrO5 [116, 210]. Magnetic susceptibility M/H(T) in Fig. 4.7(b)
shows a Curie-Weiss behaviour on cooling from high temperatures. The magnetic response
originates from the 5d electrons of Ir** as In>* is non-magnetic. The Curie-Weiss fit between
350 K and 600 K shown in the inset of Fig. 4.7(b) yields an antiferromagnetic Ocw = —443(7) K
and an effective magnetic moment pg of 1.72(1) ug. The effective moment is close to that
of Jor = 1/2 (or S = 1/2) state with |g| = 2, which implies that the admixture of J.g = 3/2
and other states is not appreciably large. The Curie-Weiss temperature of |0cw| ~ 450 K may
represent the strength of exchange coupling, which is smaller than those of other insulating
pyrochlore iridates such as Y;Ir,O; (~ 1180K) and Luylr,O7 (~ 725K) [170]. This likely
reflects the smaller intersite hopping t expected in the strongly distorted Ir-O network, since
the exchange coupling Je, is scaled by t? as Jo, ~ t*/U.

At T, = 55K, an anomaly accompanying a hysteresis between the field-cooling and the
zero-field-cooling measurement is observed. The history-dependent contribution originates
from a weak ferromagnetic moment of ~ 107 pp. In the specific heat C(T) shown in Fig. 4.7(c),
we observe a clear jump at the onset temperature of the weak ferromagnetic moment, evidenc-
ing that the magnetic anomaly does not originate from a impurity ferromagnetic phase but
represents a bulk magnetic transition. Similar behaviour was observed in other pyrochlore
iridates such as Y;,Ir,O7, where an AIAO magnetic ordering of iridium moments takes place
at Ty, [211]. The small moment below Ty, in pyrochlore iridates is discussed to originate from
the ATAO domain boundaries [186-188]. This suggests that In,Ir,O; also adopts the ATAO
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m Figure 4.7. Temperature-dependent transport, magnetisation and specific heat measurements of
In,Ir;O7. (a) Resistivity as a function of temperature. The inset shows the Arrhenius plot of resistivity
and the black line indicates the fit at high temperature. Below ~ 50K, the resistance of In,Ir,O7 sample
is higher than the instrument limit. (b) Magnetic susceptibility M/H as a function of temperature
for applied magnetic fields of 0.1T and 1.0 T. The black arrows denote zero-field-cooling (—) and
field-cooling (<) curves. The inset shows temperature dependence of inverse magnetic susceptibility.
The black line indicates the Curie-Weiss fit. (c) Specific heat as a function of temperature. The inset
shows the specific heat divided by temperature around the observed anomaly at T;,, 55K, where the
blue line and the grey area correspond to the third-order polynomial fit and area used for estimation
of entropy, respectively, which is discussed in the main text.



order.

The large ratio f = |0cw|/Tm ~ 8 implies the presence of strong frustration, as expected
from the frustrated pyrochlore lattice. Due to the lack of specific heat data from a non-magnetic
reference sample (such as In,Pt,0; or In,Sn,07), it is not possible to accurately estimate
the phonon contribution to the specific heat. However, we attempt to estimate the lattice
contribution by fitting a third-order polynomial to C/T below and above T,,,. We then subtract
the obtained polynomial function from the C/T data and estimate the area of the specific
heat peak at Tp,, which amounts to released entropy of about ~ 20 % of RIn 2(RIn(2J.¢ + 1))
expected for the J.g = 1/2 state (inset of Fig. 4.7(c)). The entropy release which is much
smaller than the expected value implies that the magnetic correlation develops from higher
temperatures but frustration prevents long-range order. The Curie-Weiss temperature of
Ocw ~ —450 K implies that correlations start developing at temperatures of the order of 450 K
and from that temperature the magnetic entropy is likely to be slowly released with cooling,
and consequently the magnetic transition does not release 100 % of the expected entropy. We
cannot estimate the entropy released outside of the transition at T}, as with the polynomial

fit we exclude all magnetic contributions to the specific heat outside of T,,.

4.3.2 Reduced trigonal crystal field in In,lr,0; despite larger IrOg distortion

In order to study the orbital states of In,Ir,O;, we performed a RIXS measurement at the
Ir L3 absorption edge shown in Fig. 4.8(a). In addition to the elastic peak, we observe three
clear features at 0.48(1) eV, 0.86(1) eV and 4.14 eV. The two sharp peaks located below 1eV
correspond to excitations within the #,; manifold, while the one at 4.14 eV corresponds to
excitations from the t;; to e; manifold. In the absence of distortion in an isolated IrOg
octahedron, only one excitation peak from Jy = 3/2 to Jog = 1/2 would be observed
within #;; manifold. The presence of two sharp excitations implies the splitting of Jog = 3/2
quartet into two Kramers doublets (e; and €, in Fig. 4.8(d)), as observed in other pyrochlore
iridates [175, 212, 213]. The widths of the two low-energy peaks in the RIXS spectrum
of InyIr;O7 (~ 200 meV) are significantly smaller than those of other reported pyrochlore
iridates (~ 300 meV), likely reflecting the smaller bandwidth as identified in the band structure
calculations shown below.

The energy difference of the two low-lying peaks, AE = E; — Eq, represents the splitting of
the Jog = 3/2 manifold. We may ascribe the splitting to the trigonal crystal field originating
from compression of IrO4. As the strength of this trigonal field can be parameterised by the
deviation of the x coordinate of O1 atom from the ideal value (Ax = x — x. = x — 0.3125),
the magnitude of splitting is expected to scale with Ax. In Fig. 4.8(c), AE for InyIr,O7 is
compared with those for Y;Ir,O7 and Pr;Ir,O; with smaller Ax. We find that AE does not
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B Figure 4.8. (a) Ir L3-edge RIXS spectrum of In,Ir,O7 polycrystalline sample at T = 7K with incident
energy E; = 11215eV. The Gaussian fits of the peaks are represented by a dashed blue line. The
excitations labelled as E; and E, correspond to the ones depicted in (b). (b) The effect of trigonal
compression of TM octahedron on the local electronic J.g states producing three Kramers doublets
(€0, €1 and €;) in the single ion anisotropy description. The Jog = 3/2 quartet splits into two doublets,
€1 and €, and the (Jog = 1/2)-derived state is €;. €y and €, are mixtures of the original J.¢ = 1/2 and
Jef = 3/2 states. (c) The energy split AE = E, — Eq against Ax for A;Ir,O7, where A = Pr [212], Y [175]
and In.

depend on Ax appreciably and even decreases with increasing Ax. This implies that In,Ir,O7,
the pyrochlore iridate with the most distorted IrO¢ octahedra among the three compared
compounds, experiences the smallest trigonal crystal field.

To describe the excitations observed below 1eV and estimate the magnitude of Asoc and
Ai, we employed a standard Hamiltonian for a £ ; configuration with Hund’s coupling Jy,
spin-orbit coupling Asoc and compressive trigonal field Ayj. We start by defining the on-site
electron configuration of Ir**. The d° electron configuration is subject to an octahedral crystal
field from the Og cage. Since the ty4-¢, splitting (A,) is of the order of ~ 4 eV and we expect
Ju < 1eV, we assume the A, = 10Dq > Jy and exclude e, orbitals. The five electrons reside
in the t;; manifold witha Leg = 1, S = 1 /2 configuration. For convenience, we then start
with the LS coupling limit, which first gives the |S = 1/2, Leg = 1) 2P configuration as the
only Hund multiplet. Next, Asoc splits the ?P multiplet into J.g = 1/2 doublet and Jog = 3/2
quartet with J.¢ = 1/2 as the lowest energy state. Finally, the trigonal crystal field Ay lifts
the degeneracy of J.& = 3/2 states and mixes them with J.¢ = 1/2 states, producing three



m Table 4.2. Comparison of structural and electronic parameters for A;Ir,O;, where A = Pr, Y and In.
r45+ is the ionic radius of A**, Ax represents the degree of the trigonal distortion of IrO4 octahedra and
AE = E, — E; inferred from RIXS spectra. Asoc and Ay are spin-orbit coupling and trigonal crystal
field, respectively, in the case of InyIr,O; obtained from the fitting of the Kanamori Hamiltonian to the
RIXS data.

Compound ras+ Ax AE (eV) Asoc (eV) Ayi (eV)
Pr,Ir,0; [175] 1.126 0.016 [214, 215] 0.46(2) 0.42 0.57
Y,Ir,0; [212] 1.019 0.0228 [216] 0.45(7) 0.43 0.56

InyIr, O 0.92 0.028 0.38(1) 0.38 0.48

doublets as shown in Fig. 4.8(b). The energies of the three doublets depend on Asoc and Ag:

A

€1 = Ayi — 5 (4.3)
A A

€02 = tr1 Z \/4Atr1 + 4AiiA + 942, (4.4)

where € corresponds to the (Jo = 1/2)-derived state which mixes with that of J.¢ = 3/2, €
is the (Jof = 3/2)-derived state which does not mix with J.g = 1/2, and €, is the (Jog = 3/2)-
derived state which is mixed with Jeg = 1/2, as shown with the dashed lines in Fig. 4.8(b). By
fitting relevant parameters in Hyo, (section 2.3.1) to the observed peak positions, we obtain
the values of Asoc ~ 380 meV and Ay ~ |480 meV| (compressive trigonal distortion).

In Table 4.2, Ay for InyIr,O7 is smaller than those reported in Prylr,O; and Y,Ir;O7, as
expected from the smaller AE inferred from RIXS (Fig. 4.8(a)). Asoc also appears to be the
smallest for In,Ir,O;. However, those values should be taken with caution, as reported RIXS
spectra for PryIr,O; [175] and Y,Ir,O7 [212] exhibit broad, overlapping peaks below 1 eV,
which should give larger peak position uncertainty in contrast to the well separated d-d
excitations observed in In,Ir,O;. Nevertheless, the lack of scaling of AE and the obtained Ayy;
with Ax implies that long-range trigonal crystal field originating from A** and Ir** cations

contributes to the splitting of J.¢ = 3/2 states.
Limitations of the single ion tzsg model

Despite the successful fitting of the single ion £, g model to the RIXS data of In,Ir,O7, there exist
several possible improvements to the fits. Exclusion of e, states is acceptable when 10 Dq > Jj.
In reality, 10 Dq ~ 16Ji (reported Jig ~ 0.25 eV for d* iridate double perovskite [217]) which
can induce mixing of t,; and e, states.

In addition, the observed RIXS spectra from powder samples capture q-averaged d-d
excitations. If significant dispersion of those excitations exists, the single ion model used
here is not appropriate for extraction of Asoc and Ayi. However, the RIXS spectra of single

crystal of Eu,Ir,O; (which we do not compare here due to conflicting reported structural



data [214, 215, 218, 219] likely due to known sample quality and stoichiometry issues [220])
do not show any appreciable momentum dependence of the the d-d excitations within the

given resolution [212].

4.3.3 Nearly pure J.¢ = 1/2 state in In;lr,0;

In order to clarify the combined effects of spin-orbit coupling, trigonal crystal field and
intersite hopping on Ir 5d ty, states, band structure calculations were performed for Mott-
insulating A,Ir,O7 for A =1In, Lu and Y. Y,Ir,O; [216] has the least trigonally compressed IrOg,
while Lu,Ir,O; [219] and In,Ir;O; host nearly identical trigonal distortion. Neither Y** nor
Lu®* carry magnetic moments. The density of the Ir f,, states (DOS) projected onto ] = 5/2
(Js/2) and J = 3/2 (J3/) states are shown in Fig. 4.9. For more detail on the results of the band
structure calculations on A,Ir,O7, visit Appendix B. Since the on-site Coulomb repulsion U is

not incorporated, the calculations produce a metallic ground state for all three materials.

The pure J.g = 1/2 wave function comprises only the J5/; states while J = 3/2 wave
function consists of both J5/, and J3/,. Figure 4.9 shows that the states within +0.4 eV near
Er have J.¢ = 1/2 character, while those below —0.4 €V are J. = 3/2 ones. Nonetheless, a
sizeable J5/, weight near E is present, indicative of an admixture of the Jog = 3/2 component
to the Jeg = 1/2 states. Naively, one would expect the level of mixing of the J.g = 1/2
and J.g = 3/2 to be scaled by the degree of the trigonal compression of IrO4 octahedra.
Therefore, there should be more J.¢ = 3/2, and consequently J5/,, weight near Er in In,Ir,O;

and Lu;Ir,O; as compared to Y;Ir; 0.

A comparable contribution of J5/, states appears in LuyIr,O; and Y,Ir,O7, despite the larger
distortion in the former. The J.g¢ = 3/2 weight around Ep is appreciably smaller in In,Ir,O;
than not only that of Y,Ir,O7, but also of LuyIr,O; with a comparable trigonal distortion,
pointing to distinct formation of almost pure J. = 1/2 state in InyIr,O;. The 5 bands
of In,Ir,O; are narrower (~ 1.7 eV) than those of LuyIr;O; (~ 2.0 eV) despite a comparable
magnitude of trigonal distortion and Ir-O-Ir angle. The origin of the contrast of the bandwidth
and the orbital character between In,Ir,O; and Lu,Ir,O7, despite nearly the same degree of
trigonal distortion, has yet to be addressed. The intersite hopping and the covalency of the
A-O bonds likely play an important role in fostering the ground state of pyrochlore iridates.
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4.4 Discussion

4.41 Influence of intersite hopping

To verify our hypothesis and to understand the effect of intersite hopping on the orbital
character of Ir t,, states, we performed band structure calculations for model pyrochlore
iridates with suppressed Ir d-d hopping. Intersite hopping was reduced by replacing some
of the Ir atoms by Hf atoms with 5d° configuration, where the Hf 5d states are located at
energies significantly higher than those of Ir (a difference of approximately ~ 6 eV). This
was achieved by reducing the symmetry of the Fd3m A,Ir,O; structure (with symmetry
allowed displacements set to 0) and splitting the 16-fold Ir sites and replacing some of them
by Hf atoms, hence selectively switching off intersite hopping for a certain neighbour rank.
The neighbour rank was scaled by Ir-Ir distance. The calculations were performed without
Coulomb U, and thus the metallic ground states were obtained.

First, we demonstrate the effect of gradual reduction of intersite hopping in the model
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dark cyan and orange, respectively. The Ir 3" neighbours are shown in blue. There exist 12 possible
paths between Ir 3 neighbours: 6 via the Ir-Hf-Ir link and 6 via the Ir-A-Ir link, where A sites are not
shown.

compounds with the experimentally observed trigonal compression of IrO¢ octahedra. We
switch off 1% and 2°¢ neighbour hopping by replacing 3/4 of the Ir atoms by Hf atoms to obtain
the lattice demonstrated in Fig. 4.11(b) with the chemical formula A,(Ir, /4Hf5/4),O7 with the
crystal symmetry reduced to trigonal. As a result, each Ir atom has only next-next-nearest
(3') Ir neighbours. 3" neighbours are connected via 12 paths: 6 via the Ir-Hf-Ir link within
the neighbouring Ir-Hf tetrahedra and 6 via the Ir-A-Ir link through the A atoms forming
a hexagon around the Ir site (Fig. 4.11(b)). The Ir 5d bands become narrow as compared
to those of A,Ir;O;7 as shown in Fig. 4.10 (a) and (b). Three clear bands emerge: J.g¢ = 1/2
located between —0.4 eV and 0.2 eV for A =Y, Lu and within +£0.2 eV for A = In, as well as
two (Jogr = 3/2)-derived bands located between —1 eV and —0.4 eV for A =Y, Lu and between
—1eV and —0.2eV for A = In. As expected, the reduction of intersite hopping gives a band
structure that resembles the single-ion picture shown in Fig. 4.8(b). Surprisingly, we observe
a significant reduction in admixture of J5/, states (and hence Jog = 3/2) near the Fermi level
in all three model pyrochlore iridates Ay(Ir; /4Hf3/4)207. In addition, Ir 5d bands are narrower
for Iny(Iry /4Hf3/4), 07 than for the other two compounds.

We reduce the intersite hopping even further by replacing additional Ir atoms with Hf
atoms, such that there remains only one Ir atom out of sixteen in the original unit cell of
the size of Fd3m with crystal symmetry be reduced to trigonal, giving a chemical formula
Ay(Iry /16Hf15/16)207. Hopping from only 4" neighbours, which are at a distance of the lattice

constant a to each other, is allowed. Naturally, the Ir 5d bands become narrower, and the states



W Figure 4.12. a) Bonding of AOg scalenohedrons to the IrO4 octahedron. (b) Sources of trigonal crystal
field acting on Ir atoms. Short-range trigonal crystal field originates from the O4 anion cage, where
compression stabilises aj4 orbitals. Long-range crystal field originates from the Ir** cations comprising
the neighbouring Ir tetrahedra and the hexagon of A’* cations. The former stabilises the a;, states
while the latter stabilises the e, states.

at the Fermi level preserve the J.g = 1/2 character as depicted in Fig. 4.10(c). We estimate
the “Jef = 1/27-ness by defining the ratio of the area under the curve of J5/5- and Js/,-derived
DOS (J5/2/J3/2) in the region of the Jog = 1/2 band. It is clear that the Jog = 1/2-Jog = 3/2
mixing is suppressed with the reduction of intersite hopping as shown in Fig. 4.11(a). This
suggests that intersite hopping, rather than trigonal crystal field, controls the degree of
Jet = 1/2-Jeg = 3/2 hybridisation. We verify this by varying the degree of IrO¢ trigonal

distortion of Ay(Iry/16Hf;5/16)207 as discussed below.

4.4.2 Effect of short-range and long-range crystal field

The splitting of J.¢ = 3/2 states does not scale with the degree of trigonal compression (Ax)
of IrO¢ octahedra as shown in Fig. 4.8(c). Hozoi et al. discussed the importance of long-range
crystal field, that is, crystal field originating from atoms further than the nearest-neighbour
ligands, in addition to those of O~ ions for the local electronic structure of A,Ir,0; [175].
Quantum chemistry calculations for clusters with undistorted IrOg octahedron revealed
that the splitting of the J.& = 3/2 states of ~ 0.2eV remained [175]. This splitting has
been attributed to long-range crystal field. Fig. 4.12(a) shows that each Ir site in A,Ir,O;
is surrounded by a hexagon of positively charged A%* cations. Those compete with the
effect of the trigonal compression of IrOs octahedron, where the former stabilises the ej-type
states, while the latter prefers the a;,-type states. In addition, the Ir** cations form two
triangular planes above and below the central Ir site, however those stabilise the a;4-like
orbitals similarly to the O®~ ligands. Therefore, the effect of trigonal crystal field from O%*"

and Ir** ions competes with that originating from the A** ions as shown in Fig. 4.12(b).
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m Figure 4.13. Calculated density of states for model (a) Y2(Ir1/16Hf15/16)207, (b) Luy(Iry /16Hf15/16)207
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calculation did not include Coulomb U. The Fermi level Er is indicated by dashed black lines. The
degree of trigonal distortion in IrO4 octahedra is controlled by changing the position of O1 atom x
and expressed as Ax. The Ir-O1 bond length is kept constant, and the lattice constant a is varied in
order to accommodate the different distortions of IrOs. The Jer = 3/2 states with J%; = +1/2 and £3/2
are shown in different colours.

In order to study the effect of these crystal fields in In,Ir,O7, we performed band structure
calculations with varying trigonal distortion of model pyrochlore iridates Ay(Ir;/16Hf15/16)207
for A = In, Lu and Y with quenched hopping. The strength of crystal field from O?" ions
is controlled by changing the oxygen O1 position x, namely, the trigonal distortion of IrO¢
octahedra. The Ir-O1 distance was kept constant by varying the lattice constant a while
changing the O1 position x. By suppressing hopping and varying the degree of the trigonal
compression of the IrO¢ octahedron, we attempt to separate the impact of intersite hopping
from that of trigonal crystal fields.

Fig. 4.13 shows the Ir 5d DOS near Er of 5(Ir;/16Hf15/16)207 for A = In, Lu and Y with
varying IrOg distortion calculated with spin-orbit coupling. The DOS with the experimentally
observed distortion (Ax) is also shown in Fig. 4.10(c). Ir t,, orbitals are resolved into Jo = 1/2
and 3/2 characters. In the top panels of Fig. 4.13(a) and (b), a clear splitting of J.¢ = 3/2 bands
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of about 0.1 eV is observed even for the undistorted A =Y and Lu model compounds. This
evidences that the effect of crystal field originating from neighbouring cations is indeed not
negligible [175]. Upon increasing the trigonal distortion, the splitting of J.¢ = 3/2 states
changes sign, goes through a minimum at around Ax = 0.0075 and gives splitting of about
0.15eV and 0.2 eV for experimental values of distortion for A =Y and Lu model compounds,
respectively (bottom panels of Fig. 4.13(a) and (b)). The splitting is enhanced by introducing
the experimentally observed trigonal distortion. The crystal field from both oxygen atoms
and neighbouring cations is operative in the splitting of the J.& = 3/2 bands, but with
a different sign. The influence of oxygen atoms is the dominant one in the experimental
structure, as the least distorted Y (Iry/16Hf;5/16)207 has the smallest splitting. We note that the
splittings observed for experimental Ax is smaller than those observed in the RIXS experiment
(AE ~ 0.4 eV). This may point to the involvement of other mechanisms, such as the molecular
orbital formation due to the Ir-Ir and Ir-O hybridisation, in the splitting of the Jg = 3/2
manifold. The distinct DOS of Iny(Iry/16Hf15/16)207 will be discussed in the next section.



4.4.3 A-O bond-covalency-induced J. = 1/2 state

It appears that the intersite hopping is the dominant factor in mixing of the J. states and by
reducing intersite hopping, a pure Jog = 1/2 can be achieved. The band structure calculations
with varying trigonal distortion evidence the influence of the trigonal crystal field, however
that cannot account for the distinct nearly pure J.g = 1/2 state in In,Ir,O; as compared to
LuyIr,O7. A-O covalency must be key for fostering the unique electronic structure of In,Ir,O;

as discussed below.

In the top panels of Fig. 4.14, the DOS of atomic states originating from the A cations are
shown. The empty Y 4d and Lu 5d states are located at energies above ~ 2.5 eV and do not
show appreciable contribution at the Fermi level as their hybridisation with Ir 5d states is
quite weak. Accordingly, the O2 2p states (O2 atoms coordinate A cations only) also do not
emerge at the Fermi level. In contrast, the In 5s states are pushed to lower energies and are
separated from Ep by ~ 1.5 eV. In addition, both In 5s and 5p states appear at Er as well as O2
2p states, which is in the energy range of the Ir t,; bands. This implies that there is significant
hybridisation between the In-O and Ir-O networks in contrast to Y-O or Lu-O with Ir-O.

Electronic structure of “virtual” In,Ir,0; with reduced trigonal distortion

As discussed above, there is a sizeable hybridisation of In 5s and 5p states with O 2p states. In
order to subtract the effect of the hybridisation on the Ir 5d states, we studied the electronic
structure of virtual In,Ir,O; for which the crystal structure of Y;Ir,O; was used but with
Y replaced by In. Therefore, the virtual In,Ir,O; has much reduced trigonal distortion as
compared to the real In,Ir,O;. The calculated band structures and orbital-resolved Ir 5d DOS
near Er for Y,Ir,O; and the virtual In,Ir,O; are shown in Fig. 4.15. In Fig. 4.15(c) the t,,
band becomes more dispersive likely due to the additional hopping path involving In atoms.
Despite the equal trigonal distortion between the two compounds, the admixture of Jog = 3/2
component to the Jog = 1/2 state in the virtual In,Ir,O; is much smaller than that in Y,Ir,O;.
This fact points to the presence of another factor specific to In** ions. From our results so far,
it appears that the Ir-O1-Ir bond bending scaled by trigonal distortion does not influence the
mixing of J.g states appreciably. Instead, the intersite hopping controls such hybridisation.
For InyIr,O7, the hybridisation of In 5s and 5p states with the O1 2p states effectively weakens
the hybridisation between Ir 5d and O1 2p states, reducing the hopping in the Ir-O1-Ir paths.
This evidences that A-O covalency is key for stabilising the spin-orbital entangled Jog = 1/2

state.
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» Additional remarks

The importance of A-O covalency is further corroborated by the calculations for model
pyrochlore iridates with reduced intersite hopping. In Fig. 4.10(c) the Jo& = 1/2 band in
Iny(Iry /16Hf15/16)207 is broader (~ 0.2 eV) than those of A = Y, Lu (~ 0.01eV). When Ir-Ir
hopping is reduced, the In-O bond covalency and weak hybridisation with Ir-O network
provide an extra hopping path between the remote Ir atoms in the super-cell lattice of model
pyrochlore iridates. For Ax = 0, the Ir t;; bands become broad as they hybridise strongly
with In 5s and 5p states (top panel of Fig. 4.13(c)). When Ir-Ir hopping is only moderately
reduced in Fig. 4.10(b), the bands of Iny(Ir;/4Hf5/4),07 are the narrowest among the three
compounds, implying that Ir-O-Hf-O-Ir hopping is the dominant hopping process which is
disturbed by In-O hybridisation. Similarly, in real A,Ir,O; compounds the nearest neighbour
Ir-O-Ir hopping dominates. The covalent In-O bond may also mask the effect of crystal field
of In** ion acting on Ir atom.

Some of the pyrochlore iridates are reported to adopt the ATAO long-range magnetic
order [189, 190]. The bifurcation of y(T) between ZFC and FC curves implies the appearance
of AIAO order in In,Ir,O7 as well. The magnon dispersion observed in Sm,Ir,O; and Er,Ir, O
is consistent with ATAO order, however the momentum-dependence indicates smaller DM
term and reduced magnon gap as compared to the pure J.¢ = 1/2 model, possibly due to the
admixture of the J. = 3/2 states [189] and vicinity to the MIT [190], respectively. In,Ir,O;
should provide an ideal playground to investigate the magnetism of pure Jo = 1/2 moment
on a pyrochlore lattice. To confirm this, resonant elastic x-ray scattering (REXS) on single

crystal InyIr,O7; would be an ideal tool.

45 Conclusion

Properties of pyrochlore iridates are expected to vary as a function of the A cation radius, and
In,Ir,O7, a Mott insulator with frustrated magnetism, seemingly adheres to this assumption.
Its smallest A cation in the series produces the largest trigonal distortion and the smallest
bandwidth, as observed in the band structure calculations, and manifested in the peak widths
of the E; and E; excitations in RIXS. The single ion Hamiltonian appears satisfactory for
modelling the intra-atomic spin-orbit excitons observed in RIXS spectrum of In,Ir,O7, and
shows that the splitting of the J.¢ = 3/2 states does not depend solely on the degree of IrOq
distortion. Instead, the crystal fields originating from the neighbouring cations also split the
Jet = 3/2 band, where the effect of 072 and Ir** competes with that of A3>*. On the other
hand, our series of band structure calculations capture the J.y = 1/2 band character and

show that the intersite hopping plays a central role in the mixing of the J.g states, which



cannot be accounted for with the single-ion approach. Y,Ir,O; and Lu;Ir,O; can be viewed as
semi-isolated Y/Lu-O and Ir-O networks, where intersite hopping and magnetic interactions
take place on the Ir-O lattice. In contrast, the covalent In-O bonds in InyIr;O; reduce the
Ir-O hybridisation and suppress the inter-site hopping of Ir 5d-electrons and thus the orbital
mixing, resulting in the nearly pure J.g = 1/2 state. In addition, the covalent In-O bond
might reduce the effective charge of In**, which likely affects the strength of the crystal
field experienced by Ir**. Moreover, other mechanisms, such as correlation, Ir-Ir or Ir-O
hybridisation in form of molecular orbital formation, could affect the electronic state of
InyIr; 0.

The effects of inter-site orbital mixing and bond covalency, in addition to local structural
distortion, need to be properly incorporated in order to understand the electronic structure
of pyrochlore iridates. The importance of these factors should not be limited to pyrochlore
iridates, and should be common in a wide variety of 5d and 4d transition-metal compounds
with spatially extended d-orbitals. Those effects should be taken into account when design-
ing materials hosting novel spin-orbit-entangled phases such as topological semimetals or

quantum magnets.






Chapter 5

Ru,0 molecule formation in In,Ru,0-

5.1 Introduction

As discussed so far, there has been substantial research activity in materials with t25 g configura-
tion hosting the spin-orbital entangled J. = 1/2 state in search for a Kitaev spin liquid, Weyl
semimetal, superconductivity and more exotic phases. However, another platform for exotic
electronic states may be realised with the t; g configuration found in ions such as Ru** which
renders a non-magnetic Jog = 0 singlet state. 4d-based materials with tgg configuration, such
as pyrochlore ruthenates, are discussed to be S = 1 magnets without orbital degeneracy due to
large non-cubic crystal field. On the other hand, Tl,Ru;0; forms an exotic non-magnetic spin
singlet state with orbital ordering, where the covalent T1-O bonds might play a significant
role in the ground state. We discovered a new pyrochlore ruthenate In,Ru,07 in which the
interplay of spin-orbital entanglement, non-cubic crystal field and molecular orbital formation
is tuned by In-O bond covalency.

In section 5.1, we discuss the predicted J.g = 0 electronic state as well as molecular orbital
formation observed in materials containing Ru*" species. In section 5.2 we describe the
methods used in this study. The new material pyrochlore ruthenate In,Ru,0y is presented
in section 5.3, where we discuss its evolution of crystal structure and electronic properties
on cooling from high temperatures in context of spin-orbital entanglement and molecular
orbital formation. Finally, we discuss the role of the covalent In-O bonds in the stabilisation

of the ground state of In,Ru,05 in section 5.4.

511 Jo = 0 pseudospin and excitonic magnetism

The spin-orbital entangled J.¢ = 0 pseudospin from the low spin tgg configuration, found in
Ir’* , Os** or Ru** ions, can be reached by starting from two limits, as shown in Fig. 5.1(a). If
Asoc > Ju, the orbital | and spin s angular momenta combine for each electron individually,
rendering a fully occupied jeg = 3/2 quartet and an empty je.g = 1/2 doublet and therefore
a band insulator. The jg = 3/2 — jeg = 1/2 excitation is equal to (3/2)Asoc (note that
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® Figure 5.1. (a) The emergence of Jo¢ = 0 state in the t, 4 electron configuration in the LS (left) and jj
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function of the exchange interaction Jox between Jor = 1 pseudospins. QCP is quantum critical point.

Asoc = {/2s = {). If Asoc < Ju, the total orbital L.g = 1 and spin S = 1 momenta combine
and give a Jog = 0 singlet, Jo¢ = 1 triplet and J.g = 2 quintet (this is also shown in Fig. 1.8(a)).
The Jog = 0 — Jo = 1 excitation is equal to Asoc (note that Asoc = {/2S = {/2). The Jg = 0
state is magnetically inactive. In reality, no material locates strictly in the jj or LS coupling
limit, however naively, the LS coupling might more accurately describe the 4d Ru** atom
which is the focus of this chapter.

While the physics of a non-magnetic singlet state may seem unremarkable, new states
of matter are expected to emerge via interactions between the upper-lying J.g = 1 state
separated by spin-orbit coupling Asoc. If the exchange interaction between the Jg = 1
excited states is strong enough to overcome the gap, and the effective Zeeman splitting
(due to internal exchange field from other sites) of the J.¢ = 1 exceeds Asoc, a magnetically
active (Jog = 1)-derived state would be stabilised against J.g = 0. This leads to a long-range
magnetic order which is viewed as a bosonic condensation of Jog = 1 triplet dubbed “excitonic
magnetism” [50]. This is shown in Fig. 5.1(b), where for weak magnetic exchange between
excited triplets (Jex) a non-magnetic singlet state is stabilised, while beyond a critical value of
Jex condensation of the virtual J.¢ = 1 levels takes place in the form of long-range magnetic
order, where the moment size increases with Jey. Between the two limits, a quantum critical
point (QCP) is located. In the vicinity of QCP, where Asoc ~ Jex, the magnetic condensate is
expected to strongly fluctuate in phase and amplitude, where the latter is called the Higgs
mode - a longitudinal spin-wave mode of “soft” spins [221].

The Jog = 0 state is well established in 5d* materials, for example iridate double perovskites
Ba,YIrO4 and SroMIrOg (M = Gd, Y) [217, 222] or osmate pyrochlore Y,0s,07 [223, 224],
which show Van Vleck magnetism and no condensation of J.y = 1 due to the large gap

scaled by Asoc. Therefore, potential candidates for realising excitonic magnetism could be 4d



analogues such as materials hosting Ru**, where Asoc, and hence the gap, should be reduced
as compared to the exchange couplings between the excited states. Since in most materials
the local cubic symmetry of RuOg octahedra is broken due to distortions, it is widely believed
that the orbital moment is completely quenched and non-cubic crystal field dominates. For
example, pyrochlore ruthenates are discussed to be a S = 1 magnet with strong trigonal
distortion of the RuO4 octahedra [225, 226]. Nevertheless, recently a layered perovskite
CayRuOy4 has been demonstrated to undergo an excitonic magnetic ordering, where a soft-
moment amplitude (Higgs) mode, a hallmark of excitonic magnetism, has been identified [71]
and the structure of the local excitations evidence the relevance of Asoc [72]. It is likely that

other 4d* ruthenates, such as pyrochlore A,Ru,0y, also host excitonic magnetism.

5.1.2 Molecular orbital formation in ruthenates

Even though the J.g pseudospin may remain relevant despite other perturbations in the
materials discussed in chapter 1, this can often not be the case. While 4d* materials serve as a
promising platform for realisation of excitonic magnetism due to the smaller excitonic gap as
compared to 5d* analogues, a consequence arises: smaller Asoc may be less stable against other
effects such as non-cubic crystal field, hybridisation or molecular orbital formation. There
exist a number of ruthenates which become non-magnetic at low temperatures (Fig. 5.2(a)),
where the transition to such a state is associated with the formation of low-dimensional
network of Ru ions which form either a non-magnetic spin-singlet or molecular orbital such
as dimers in honeycomb Li;RuQOs3 [161, 162] or 2-dimensional La,RuOs [227, 228].

Honeycomb ruthenate Li;RuO3; undergoes a metal-to-insulator transition (MIT) at high
temperatures with a simultaneous lattice distortion, where a herringbone pattern of dimers is
formed on the initially almost regular honeycomb lattice [161, 162]. The dimers are discussed
to form a spin singlet state or a molecular orbital formation involving o-, 7- and J-type
overlap of all three (t,4)-derived orbitals, giving six separated molecular orbitals which are
then filled with eight electrons from two Ru** ions as shown in Fig. 5.2(b). Interestingly,
according to pair distribution function (PDF) analysis of x-ray diffraction data, the Ru, dimers
persist above the transition at ~ 500 K, however the dimer crystal melts and the short Ru-Ru
bonds are fluctuating [232].

Insulating pyrochlore ruthenates A;Ru,0; show long-range order [225, 226] (possibly
a Jof = 1 condensate as discussed above) and may seem resistant to molecular orbital
formation, however there exists one unique member of the A;Ru,0; family. TIl,Ru,07,
similarly to Li,RuOs3, shows a sharp drop in y(T) with decreasing temperature (Fig. 5.2(a)) and
undergoes a MIT with a simultaneous structural transition from the cubic to an orthorhombic

structure [233, 234] with a non-magnetic ground state confirmed by uSR [235]. However,
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overlap along the Ru-Ru bonds which are discussed to comprise the Haldane chain. Image adapted
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the currently understood nature of its ground state is quite different to that of Li,RuOs.
Instead of dimers, the low temperature structure comprises semi-isolated 1D zigzag chains
on top of the Ru pyrochlore lattice as depicted in Fig. 5.2(c). The RuOg octahedra undergo
tetragonal compression with the local z axes along short Ru-Ru bonds, resulting in orbital
ordering, where the ~ d,, orbital is stabilised and filled with two electrons, while the d,.-
and d,,-derived orbitals, which directly overlap along the short Ru-Ru bonds within the 1D
chains, are partially filled. It has been argued that the non-magnetic 1D chain formation is
associated with a Haldane chain [229], which is a S = 1 singlet state without dimerisation
where each site participates in two valence bonds. While the validity of that interpretation of
the ground state is under discussion, it is potentially a remarkable phenomenon as it would

pose the first example of a Haldane chain formation on a 3D lattice.



51.3 Competition between phases in a new pyrochlore ruthenate tuned by
A-0O covalency

Complex ruthenium oxdes hosting Ru** serve as a platform for competition between various
electronic phases, in particular J. magnetism and orbital ordering with spin singlet or
molecular orbital formation. This competition can be tuned by spin-orbit coupling, non-cubic
crystal field and inter-site hybridisation. An unprecedented electronic state can arise when
Ru*" is placed on a geometrically frustrated lattice, such as that of a pyrochlore structure.
Therefore, we focus on pyrochlore ruthenates.

Insulating pyrochlore ruthenates A;Ru,O; show long-range order and are discussed to
be S = 1 magnets due to the orbital moment quenching by strong trigonal crystal field [225,
226], while T1,Ru,07 displays an exotic non-magnetic ground state. Up to date, the origin of
the distinct behaviour of Tl;Ru;0O7 in comparison to other ruthenates is not clear, however
theoretical evidence suggests that the role of Tl states should be important. TI>* is a p-block
cation in contrast to Y or the lanthanides and the T1-O bond has more covalent character than
Y-O or Lu-O. As shown in Fig. 5.2(d), Y 4d states lie at substantially higher energies than Ru 4d
or O 2p states and hence contribution of Y states near the Fermi level Er should be negligible,
effectively isolating the Ru-O network. Coulomb interaction, U, gaps out the partially filled
Ru t,, states producing a Mott insulator [236]. On the other hand, Tl 6s bands are in the
vicinity of Ru 4d bands near Er as well as O 2p bands and hence substantial hybridisation
occurs between those. Such T1-O hybridisation, as discussed in chapter 4, should affect the
Ru-O hybridisation as well as the effective crystal field acting on Ru atoms. Moreover, on
the basis of optical conductivity experiments, it has been discussed that such hybridisation
results in self-doping of TI;Ru;07 in form of charge transfer from the TI-O to Ru-O reservoir,
which produces mid-gap states (middle of Fig. 5.2(d)) resulting in a metallic state above the
transition temperature Tyt [231].

Below Ty, that is, in the low temperature state, it has been reported that TI™* ions
(where 2 < m < 3) undergo charge disproportionation into TI™® and TI"™*® [233], which
is likely allowed by the comparable stability of TI(I) and (III) oxidation states. This charge
disproportionation was shown to gap the partially-filled antibonding band derived from TI 6s
and O2 2p states in LDA calculations [237], which is schematically shown on the right hand
side of Fig. 5.2(d). Interestingly, a tight-binding model shows that when T1 atoms are returned
to their high-symmetry (Fd3m-derived) atomic positions, the gap closes, suggesting that the
distortion of Ru atoms into the 1D zigzag chain is not the driving force behind the phase
transition into the non-magnetic state in T1;Ru,O7 [237]. While TI distortion-generated MIT
scenario conflicts with the proposed mechanism of the Haldane gap opening within the Ru

1D zigzag chains, the role of Ru 4d electrons is not addressed, for which incorporation of



electron correlation should be necessary. In Ref. [229], LDA+U calculations with assumed
antiferromagnetic order within the Ru 1D chains produces a large antiferromagnetic exchange
within those. The role of Tl in the ground state formation of Tl,Ru;0O; has not been further
addressed in the last 20 years, and the issue of the nature of the ground state remains
unresolved.

This importance of A-O covalency and its impact on spin-orbital entangled systems is
discussed chapter 4. The A-O covalency plays an important role in In,Ir,O;, where the
hybridisation of In-O network with Ir-O network suppresses Ir-O-Ir intersite hopping and
fosters a nearly pure Jo¢ = 1/2 band. Potentially, the In-O covalency could stabilise a spin-
orbital entangled state in pyrochlore ruthenate. In addition, a new pyrochlore ruthenate with
a covalent A-O bond could be an exciting platform for competition between exotic electronic
phases. In light of the recent successful synthesis of In,Ir,O7, we attempted and succeeded in
the synthesis of a new pyrochlore ruthenate In,Ru,O;. We found a unique molecular orbital
formation on frustrated pyrochlore lattice, likely assisted by the structural instability due to

A-O covalency.

5.2 Methods

5.21 Sample preparation

An unsuccessful solid state synthesis of In,Ru,0; at ambient pressure was reported over 30
years ago [238]. Due to the small size of In®*, In,Ru,0; requires high pressure synthesis.
The polycrystalline and single crystal samples of In,Ru;,0; were obtained by a high-pressure
synthesis technique described in section 2.1.2. For the polycrystalline samples, powders of
In, O3 (Alfa Aesar, 99.994 % metal basis) and RuO, (Tanaka Kikinzoku, 76 wt.% Ru content)
were mixed and ground in stoichiometric molar ratios and sealed in a Pt foil ampoule. The
ampoule was heated at 1500 °C for 60 minutes under a pressure of 6 GPa. The exact same
powder batches were used for x-ray and neutron diffraction, magnetic susceptibility and DSC
measurements. Pieces of hard-pressed pellets of a different batch were used for resistivity
and heat capacity measurements.

For single crystal samples, powders of In,O3 (Alfa Aesar, 99.994 % metal basis), RuO,
(Tanaka Kikinzoku, 76 wt.% Ru content) and InCl; flux (Alfa Aesar, 99.99 % metal basis) were
mixed and ground in a 2:4:1 molar ratio. Since InCl; is hygroscopic, the mixture preparation
and loading into Pt ampoule was performed in a glove box under inert atmosphere. The
ampoule was then heated at 1500 °C for 60 minutes under pressure of 8 GPa. After quenching

the temperature and reaching ambient pressure, the obtained pellet was sonicated in a beaker



with deionised water in order to remove the water-soluble InCl; flux. Upon contact with
water, the pressed-pellet disintegrated into powders of In,Os, RuO, and In,Ru,07 as well as
black octahedron-shaped crystals. Single crystal samples were used in x-ray diffraction and
magnetic susceptibility measurements only, as they were found to be extremely fragile.
The polycrystalline sample of reference material Y,Ru,0; was prepared with the same
conditions as InyRu, 07, the only difference being Y,05 (Alfa Aesar, 99.994 % metal basis) used

for the powder precursor.

5.2.2 Single crystal x-ray diffraction and analysis

Crystals suitable for single-crystal x-ray diffraction were selected under high viscosity oil
and mounted with grease on a loop made of Kapton foil (Micromounts™, MiTeGen, Ithaca,
NY). Diffraction data were either collected with a SMART-APEX-II CCD X-ray diffractome-
ter (Bruker AXS, Karlsruhe, Germany) equipped with a N-Helix low-temperature device
(Oxford Cryosystems) [239] or with a SMART-APEX-I CCD X-ray diffractometer (Bruker
AXS, Karlsruhe, Germany) equipped with Cryostream 7007 cooling/heating device (Oxford
Cryosystems). Both cooling devices have temperature stability and accuracy of 0.2K. The
reflection intensities were integrated with the SAINT subprogram in the Bruker Suite software
package [240]. For uniform handling of the data despite small size of the crystals and the
twinning issue, multi-scan absorption corrections were applied using either SADABS [241]
or TWINABS [242]. The structures were refined by full-matrix least-squares fitting with the
SHELXL software package [243, 244] or with JANA2006 [245]. Jana2006 allows data setup

and refinement for more than two twin operations involved.

5.2.3 Powder x-ray diffraction and analysis

Temperature dependent XRPD measurements were carried out both in Bragg-Brentano and
Debye-Scherrer geometry. The former was used to obtain high-resolution data for monitoring
the phase transition and indexing the powder patterns with Le Bail [246] or Pawley [247]
method, while the latter was performed in order to obtain accurate reflection intensities
for crystal structure Rietveld refinements. All XRPD analyses were performed using the
programme TOPAS 6.0 [81].

Debye-Scherrer geometry

XRPD data of the powdered In,Ru,0; sample were collected with a Stoe Stadi-P transmission
diffractometer (primary beam Johann-type Ge(111) monochromator for Mo-Ka;-radiation,
Mythen-1K PSD) in Debye-Scherrer (DS) geometry with the sample sealed in a borosilicate
glass capillary of 0.5 mm diameter (Hilgenberg, glass No. 14), which was spun during the



m Table 5.1. Neutron scattering lengths b and cross sections ¢ for thermal neutrons. b is given in fm and
o is given in barns. Conc. is concentration. All values taken from Ref. [77] unless specified otherwise.

Isotope  Conc. (%) beon bine Ocoh Oinc Otot Oabs
In — 4.065 — 0.0539i — 2.08 0.54 2.62  193.8(15)
1} 4.3 5.39 (+/-)0.017  3.65 0.000037 3.65  12.0(11)
15In 95.7 4.01 — 0.0562i -2.1 2.02 0.55 2.57 202(2)
Ru — 7.03 — 6.21 0.4 6.6 2.56
¢} — 5.803 — 4.232  0.0008  4.232  0.00019
160 99.762 5.803 0 4.232 0 4.232  0.0001
170 0.038 5.78 0.18 4.2 0.004 4.2 0.236
180 0.2 5.84 0 4.29 0 4.29  0.00016

measurement for better particle statistics. For heating and cooling of the sample, a cold N,
gas blower (Oxford Cryostream 800, Oxford Cryosystems) was used. Heating and cooling was
performed in 10 K steps using a rate of 2 Kmin~!. The heating and cooling ramps were started
at 303K and the sample was heated up to 493 K and cooled down to 103 K. Each powder
pattern was recorded for 3h in the 20-range from 2 to 110°. Prior to each measurement, a

delay time of 10 min was applied in order to allow thermal equilibration.
Bragg-Brentano geometry

XRPD data of the powdered In;Ru;0; sample were collected on a laboratory powder diffrac-
tometer Bruker D8-Advanced in Bragg-Brentano (BB) geometry (primary Ge(111)-Johann-type
monochromator for Cu-Ka;-radiation, Lynx Eye detector). The sample was suspended in
ethanol and put on a flat plate sample holder, where the solvent was slowly evaporated. For
cooling of the sample a cooling chamber (PheniX, Oxford Cryosystems) was used. In order to
avoid the condensation of ice, oxygen and nitrogen from the atmosphere, all measurements
were performed in a high vacuum atmosphere (p < 107> mbar). Heating and cooling was
performed in 5K steps using a rate of 2 Kmin~!. The cooling and heating ramps were started
at 30 K and the sample was cooled down to 23 K and heated up to 203 K. Each powder pattern
was recorded for 12 h in the 20-range from 5 to 110°. Prior to each measurement, a delay time

of 1h was applied in order to allow thermal equilibration.

5.2.4 Time of flight neutron powder diffraction and analysis

For structural analysis and precise determination of positions of light oxygen atoms, the
time of flight high resolution neutron powder diffraction technique was employed at high-
resolution powder diffraction (HRPD) beamline at ISIS Neutron and Muon Source (Fig. 5.3).
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m Figure 5.3. A schematic diagram of the HRPD instrument at ISIS. There are three sets of detector
banks at 20 = 30°, 90° and 168°, where the latter is the highest resolution one. N and S correspond
to north and south, respectively. The yellow areas depict the neutron beam scattered off the sample.

Adapted and modified from Ref. [248].
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stick radiation shield

m Figure 5.4. The sample holder used in the In;Ru;O; HRPD neutron diffraction experiment. (a) 0.591 g
of polycrystalline sample of In,Ru,O7 loaded into Al foil packet. (b) Flat plate sample can made of
vanadium windows with aluminium alloy frame with the location of the heater and thermocouple (T/C)
used for temperature control shown. (c) The Gd and Cd foil used to minimise background scattering
in the back-scattering geometry. (d) The flat plate sample can mounted on the sample stick.
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Since natural In has large absorption cross-section as shown in Table 5.1, a flat plate geometry
was used to minimise neutron absorption (Fig. 5.4). The flat plate is made of two vanadium
windows surrounded by an aluminium alloy frame which encloses the sample space. The
polycrystalline sample was loaded into an aluminium (Al) foil packet in order to distribute
the powder in the sample space evenly. Then, in order to minimise the scattering of neutrons
of the whole flat plate in the back-scattering direction, a window made of gadolinium (Gd)
foil fixed by screws covered with cadmium (Cd) foil, both strongly absorbing elements, were
attached to the top of the flat plate. For temperature control, a closed cycle refrigerator
(CCR) was employed, which uses helium gas from a helium compressor for achieving low
temperatures. In Fig. 5.4(b) and (d), the positions of the heater and the temperature sensor
(thermocouple, T/C) are shown. The neutron diffraction data were measured on cooling from
300K down to 10K in 10K steps using cooling rate of 2.5 Kmin™!, with a minimum count of
20 pAh per scan for determination of the unit cell temperature dependence and with longer
counts at temperatures of interest for full structural solution. Prior to each measurement, a
delay time of 10 min was applied in order to allow thermal equilibration. The collected neutron
diffraction data was reduced, normalised and absorption-corrected using Mantid [158]. Some
regions containing peaks from the sample environment, such as vanadium, aluminium and
stainless steel, were removed from the data prior to analysis. Rietveld analysis of the neutron
diffraction data was performed with the GSAS programme [80].

5.2.5 Structure determination

For identification of structural phases found in In;Ru, 07 the following strategy was employed:
(a) the symmetry (e.g. centring) and the unit cell dimensions were deduced from a diffraction
pattern by performing Pawley or Le Bail fits, (b) subgroups of the parent pyrochlore structure
Fd3m of the determined unit cell dimensions down to orthorhombic symmetry were identified,
(c) candidate subgroups were tested using Pawley or Le Bail, and then Rietveld refinement, (d)
the final (best fitting) models were tested for presence of higher symmetry than accounted for
by using an online utility CheckCIF [249]. Indexing and structure solution was performed by
Jurgen Nuss with single crystal x-ray diffraction. However since In and Ru atoms have similar
atomic numbers and hence might be difficult to distinguish with x-ray scattering, neutron
scattering was used for precise structure refinement including tracking positions of light O

atoms.
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m Figure 5.5. Schematic of the in-house resistivity equipment. A long alumina tube is placed into a
furnace for reaching high temperatures. The 4-probe resistivity measurement setup is placed on the
one end of the alumina tube which locates inside the furnace. The temperature is monitored with a
type-R thermocouple with a cold junction. V indicates a voltmeter.

5.2.6 Resistivity at high temperatures

Resistivity measurements at temperatures above 350 K were performed using in-house equip-
ment as shown in Fig 5.5. The high temperature was achieved with a tube furnace. Ar gas was
flown through the furnace tube throughout the measurement. Temperature in the vicinity
of the sample was monitored using a type-R thermocouple with a cold junction. The high
temperature resistivity data is scaled against the low temperature resistivity data obtained

with the PPMS via overlapping temperature regions of 300-350 K.

5.2.7 Resonant inelastic x-ray scattering

The temperature dependence of the electronic structure was investigated by measuring RIXS
excitation spectra at the Ru L3 edge at the P01 beamline at the PETRA-III synchrotron at DESY.
The energy of the incident x-ray beam was tuned to 2838.5 eV (2ps;; — 4d(tz,) excitation) by
using a primary Si(111) two-bounce monochromator (cryogenically cooled) and a secondary
four-crystal asymmetrical Si(111) channel-cut monochromator, which was then focused with
a Kirkpatrick-Baez mirror. The scattering angle was fixed to 90° in horizontal scattering
geometry. The scattered x-ray beam was analysed with a diced and spherically bent SiO»(102)
analyser. For more detail, see Ref. [250]. The total energy resolution, evaluated by the elastic
scattering from GE varnish, was about 80 meV. The least squares fitting of the RIXS spectrum

of In,Ru,07 at room temperature was performed using the method described in section 2.3.1.
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B Figure 5.6. The sample holder used in the InyRu,0; ZF-uSR experiment. (a) 0.75 g of polycrystalline
sample of In,Ru,07 loaded into Ag foil (25 pm thickness) packet. (b) The sample mounting on top of
the sample stick shown in (c). The Ag foil packet is wrapped three times in front of the sample. The
Ag foil packed is then stuck to a Cu plate attached to the sample stick with grease. (c) The Ag foil
packet mounted with tape on the sample stick.

5.2.8 Muon Spin Rotation

Muon Spin Rotation experiment on polycystalline In,Ru;0; was performed in zero field (ZF)
setup by using the CHRONUS instrument at ISIS [251]. The sample was wrapped in a square
Ag foil (25 pm thickness) packet. In order for the muons to stop inside the polycrystalline
sample, three layers of Ag foil in front of the sample were used to slow muons down. The

centre of asymmetry a was defined with a transverse-field (TF) measurement at 300 K:

Nr + Np

A=atTE
Nr — Np

(5.1)

where A is the asymmetry, and Nr and Ng is the positron count in the forward and the
backward scattering detector, respectively. The ZF data was collected on warming from 10K
to 300K in 10K steps with 20-50 million muon events per scan and then normalised and
binned using WiMDA software [252].

5.2.9 Band structure calculations

The LDA band structure calculations were performed using the method described in sec-
tion 2.5.1 and the crystal structures obtained from the neutron and x-ray diffraction experi-

ments.

5.210 Energy Dispersive X-ray spectroscopy in the SEM mode

In order to establish the elemental composition of the newly synthesised compound, energy-

dispersive x-ray (EDX) spectroscopy via scanning electron microscope (SEM) was employed.

124



(a) —— (d)

3 2 + Fd3m

© 1 +

A E: ¥ F:

%)

i

<

= 0Ok 1 1 1 1 1 E
10 T

< 0 ¥ — N
1075 1.8 2.% 2.2 2.4

(b) d (A)

5 2

S

H P243

2

7

c

]

c

T OR i  aa Lo 1 e
10 : ( )

< 0 i N
1075 2.4

(c)

3 1f

8

2

)

S

£ I|I|||I|I||I|I|||I|I|| I||||I| ||||I| 1

View field: 426.25 um DET: SE Detector T T N T W N
1.6 1.8 2.0 2.2 2.4 HV: 200kV DATE: 10/11/18 200 um Vega ©Tescan

d( ) VAC: HiVac Device: TS5130MM MPLFKF

m Figure 5.7. (a) and (b) show XRD patterns of polycrystalline In,Ru;O; measured at T = 300K in
BB geometry. The black crosses, red line and grey line represent the observed pattern, the Le Bail fit
profile and the difference curve between the observed and calculated profiles, respectively. The red
and green vertical bars represent Fd3m and P23 reflections, respectively. Fd3m space group cannot
explain the the observed reflections, while P2;3 primitive cubic space group can explain the observed
reflections. (c) XRD patterns of polycrystalline In,Ru,O; measured at T = 300K in DS geometry at
different temperatures. The F-centring forbidden peaks disappear above ~ 450 K. (d) XRD pattern of
InyRu, 05 crystal showing reflections in the hkO reciprocal plane. The reflections circled in blue are
indexed by the Fd3m space group, while the green ones are not and indicate a loss of F centring. At
the bottom left, a photograph of the measured crystal with face indexing of a primitive cubic cell is
shown. (e) SEM image of a In,Ru,0; octahedral crystal with surface damage visible.

5.3 Results

5.31 Weakly distorted pyrochlore lattice at room temperature

The XRD pattern from the polycrystalline sample of the product at room temperature indicates
a pyrochlore-like structure, however numerous small peaks were observed which cannot
not be indexed with the cubic pyrochlore structure with the space group Fd3m as shown in
Fig 5.7(a). The additional peaks can be indexed by F-centring forbidden reflections and hence
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B Figure 5.8. The crystal structure of In,Ru,05 in the Fd3m phase. The O2 atoms, which coordinate
the In atoms only, are shown in yellow. (a) The Fd3m unit cell. (b) Top: the local environment of the In
atom showing six long In-O1 and two short In-O2 bonds. Bottom: the local environment of Ru atoms
on top of the pyrochlore lattice. The blue arrows indicate the direction of the trigonal compression. (c)
Rietveld analysis of XRD pattern of polycrystalline In,Ru,07; measured at T = 463 K in DS geometry.
The black crosses, red line and grey line represent the observed pattern, the calculated profile and the
difference curve between the observed and calculated profiles, respectively. The green vertical bars
represent Fd3m reflections.

the observed pattern can be accounted for with a primitive cubic cell such as P2,3 (Fig 5.7(b)).
Single crystal XRD was attempted on In,Ru,0; crystals such as that depicted in Fig 5.7(e),
however it was found that it comprises multiple domains (and thus was a polycrystal) and
cannot be reasonably indexed. After crushing the crystal and measuring a piece of a size of
~ 10 pm, a pattern shown in Fig 5.7(d) was observed, which also shows spots other than those
accounted for by Fd3m symmetry, evidencing that the additional reflections observed in the
polycrystalline pattern do not originate from an impurity and are intrinsic to In,Ru;O5.

EDX elemental analysis of the crystal shown in Fig 5.7(e) shows atomic fractions of In, Ru
and O of 16.6 %, 16.8 % and 66.6 %, respectively, indicating a In:Ru:O ratio of ~ 2 : 2 : 8, close
to ideal InyRu,O7 pyrochlore. Furthermore, with increasing temperature, the additional peaks
disappear above 450 K as shown in Fig 5.7(c) and the Rietveld analysis (Fig 5.8(c)) of the x-ray
powder diffraction pattern shows that the product is a single phase of In,Ru,07 pyrochlore
with Fd3m space group without any impurities within the instrumental resolution. In,Ru;0;
has the smallest cubic lattice parameter a = 9.982 95(10) A, the most trigonally compressed
RuOg octahedra and the smallest Ru-O-Ru angle of 125.6(3)° among the reported pyrochlore
ruthenates as shown in Fig 5.8(a) and (b). The refined structure parameters are shown in
Table 5.2.

The distortion of InyRu;0; below ~ 450K is found to be a weak tetragonal one, as no
primitive cubic structural model is found to fit the single crystal XRD pattern reasonably.
The observed XRD pattern intensities in Fig 5.7(d) and the neutron diffraction pattern can be

well explained with tetragonal non-centrosymmetric structure with space group P4,2,2, a
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m Figure 5.9. The crystal structure of InyRu,07 in the P4,2;2 phase. The O2-derived (that is, O7) atoms,
which coordinate the In atoms only, are shown in yellow. Other coloured atoms are O1-derived ones
unless specified otherwise. Average (av.) bond lengths are indicated. The orientation of the C, axis
on In and Ru sites is indicated by a purple dashed line. (a) The P4,2;2 unit cell. (b) The detail of the
connectivity of the Ru-O network. (c) The local structure of the RuO4 octahedra which deviate slightly
from the high symmetry trigonally compressed octahedra found in the Fd3m phase. The blue arrows
indicate the direction of the trigonal compression. (d) The local structure of the InOg scalenohedra. O
and O’ correspond to O1-derived and O2-derived atoms, respectively.



subgroup of Fd3m (Fig 5.9(a)), however with six nearly equally populated domains, meaning
that the In,Ru,0 crystal is twinned. The tetragonal structure is pseudo-cubic as no clear
splitting of h00/00! or hk0/h0l reflections in the powder high resolution neutron, x-ray and
single crystal x-ray diffraction patterns was observed. The unit cell remains of approximately
the same size with the unit cell parameters a; = 9.98026(19) A, ¢, = 9.9808(4) A. Both In and
Ru sites, which are originally 16-fold in the cubic phase are split into two 4-fold and one
8-fold sites, while O1 splits into six sites (O1-O6) and O2 remains 8-fold (O7) (Table 5.2). The
local symmetry of Rul, Ru3, In1 and In3 site is C,, while that of Ru2 and In2 is Cy. There
remains one unique Ru tetrahedron as shown in Fig 5.9(b). In Fig 5.9(b) and (c) it appears
that changes in the Ru-O network are not appreciable, since Ru-O bond length variance is of
the order of ~ 3 %, the average Ru-O-Ru angle remains close (~ 127°) to the high symmetry
value (~ 126°) and the RuO¢ octahedra deviate from the trigonally compressed geometry
only marginally. On the other hand, the coordination environment around In atoms changes
quite significantly as depicted in Fig 5.9(d). While the length of the (In-O2)-derived bonds
coordinating In atoms only remain quite close to those found in the Fd3m phase in Fig 5.8(b),
the In-O1 bonds disproportionate into three types of bonds: long (~ 2.6 A), medium (~ 2.4 A)
and short (~ 2.3 A). The modulation of the (In-O1)-derived bonds is of the order of 12 % in
contrast to Ru-O bonds (~ 3 %).

5.3.2 Spin-orbital entangled singlet state in In,Ru,0; at room temperature

Above room temperature, polycrystalline In,Ru,0; shows an insulating behaviour in re-
sistivity p(T) as depicted in Fig 5.10(a). In Fig 5.10(e), the Arrhenius fit performed in the
temperature region from 500K to 450K, that is, in the Fd3m phase, renders an activation
energy of ~ 150 meV, which is comparable to that of other insulating ruthenates, such as
pyrochlore Lu;Ru;07 [253] or layered perovskite Ca,RuOy, [225].

In;Ru, 07 follows a Curie-Weiss-like temperature increase of magnetic susceptibility y(T)
on cooling as presented in Fig 5.10(b). The Fd3m — P4;2,2 structural transition at ~ 450 K
does not produce any sizeable anomalies in p(T) or y(T) (Fig 5.10(a) and (b)), and should be
of second order as evidenced by an absence of a pronounced peak in differential scanning
calorimetry (DSC) at that transition temperature (Fig 5.10(c)). The lack of anomalies in
physical properties across the Fd3m — P4,2,2 transformation suggests that no significant
electronic change occurs.

To verify this hypothesis, scalar relativistic calculations were performed for In,Ru,0;
Fd3m and P4,2,2 structural phases. First, we evaluate the DOS of the Fd3m structural phase
shown in Fig 5.11(a)-(c). A metallic solution is obtained, suggesting that U is necessary to

open a gap. Three distinct bands are produced between —8.5eV and 5 eV. The states located
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B Figure 5.10. Temperature-dependent (a) resistivity p(T) and the derivative of the resistivity dp/dT,
(b) magnetic susceptibility y(T), (c) heatflow determined with differential scanning calorimetry (DSC)
and (d) the lattice parameters of an In,Ru, 0 polycrystalline sample, obtained on cooling. In (a), below
~ 80K, the resistance of In;Ru;O;7 sample is higher than the instrument limit. The insets of (b) show
the thermal hysteresis of two transitions, where the black arrows denote the zero-field-cooling (—)
and field-cooling («) curves. In (c), the entropy release identified in the three separate first order phase
transitions is indicated, and the inset shows both the heating (—) and cooling («) DSC curves. In (d),
a, b and ¢ cubic, tetragonal and orthorhombic lattice parameters are scaled with respect to Fd3m lattice
parameters with the relationship between the unit cells shown in (h). (e) The Arrhenius plots of p(T)
shown in (a) performed for Fd3m, P4,2,2 and P42;c structural phases indicated by solid black, red and
orange lines, respectively, with obtained thermal activation energies indicated. (f) The Curie-Weiss fit
of y(T) shown in (b) indicated by a red solid line. (g) Specific heat C(T) of an In,Ru,07 polycrystalline
sample. The inset shows specific heat divided by temperature around the multiple-transition region.
(h) The relationship between the Fd3m, P4,2,2, C222; and P42;c unit cells.



m Table 5.2. Refined structural parameters of In,Ru,O;7 obtained at temperatures of 463 K and 300 K
from x-ray and neutron diffraction patterns shown in Fig 5.8(c) and Fig 5.13(c), respectively. g and Ui,
correspond to the site occupancy and the isotropic atomic displacement parameter, respectively. Ui,
was constrained to be identical for the same elements residing on different Wyckoff sites. Ry and y?
are refinement quality indices. a, b and ¢ are unit cell parameters.

T = 463K, Fd3m : 2 (No. 227), Z = 8. Rwp = 0.0681 and x? = 1.99 for 4 refined parameters.

ac = 9.98295(10)

Atom Site x y z g Usso (A%
In 16d 1/2 1/2 1/2 1 0.0010(1)
Ru 16¢ 0 0 0 1 0.0010(1)
01 a8f 0.3409(4) 1/8 1/8 1 0.0166(10)
02 8b 3/8 3/8 3/8 1 0.0166(10)

T = 300K, P4,2:2 (No. 92), Z = 8. Ry = 0.0545 and )(2 = 3.166 for 36 refined parameters.
a; = 9.98026(19) A, ¢; = 9.9808(4) A

Atom Site x y z g Uiso (AZ)
Inl 4a 0.1182(20) 0.8818(20) 3/4 1 0.0066(10)
In2 8b 0.1265(20) 0.3735(27) 0.2414(21) 1 =In1l
In3 4a 0.3775(25) 0.6225(25) ~3/4 1 =In1
Rul 4a 0.6214(11) 0.3786(11) 1/4 1 0.0039(4)
Ru2 8b 0.6241(13) 0.8726(10) 0.7583(11) 1 =Rul
Ru3 4a 0.8709(13) 0.1291(13) ~1/4 1 =Rul
01 8b 0.9550(11) 0.48438(14) 0.3522(14) 1 0.00870(19)
02 8b 0.5179(14) 0.7711(12) ~0.5796(13) 1 =01
03 8b 0.7181(13) 0.7559(19) —0.3738(22) 1 =01
04 8b 0.9661(10) 0.0071(16) 0.8765(16) 1 =01
05 8b 0.9842(13) 0.2341(13) —0.5898(14) 1 =01
06 8b 0.7101(12) 0.2567(16) —0.8742(23) 1 =01
07 8b 0.0050(17) 0.7499(27) 0.6206(18) 1 =01

between —8 eV and —2 eV are the (O 2p)-derived band. The band between —2 eV and 0.5 eV

has predominantly Ru 54 character, while the one located between 2 eV and 5 eV is the Ru e,

one. The O 2p states contribute significantly to all three bands and the weight of In 5s and

band locates mostly near the (Ru e,)-derived band. Both In 5s and 5p states have a significant

contribution near the Fermi level, similarly to the case of In,Ir;O7. The Ru t,, states are split

into a4 and e states due to trigonal distortion of RuOs octahedra and/or long-range trigonal

crystal field discussed in chapter 4.

We proceed to comparison of the total scalar relativisc DOS of InyRu;07 Fd3m and P4,2;2



structural phases. As shown in Fig 5.11(e), the volume of the primitive unit cell is four times
smaller than that of the conventional unit cell for Fd3m, and therefore the symmetry of high
temperature In,Ru, 07 was reduced to P43m in order to produce equivalent volumes of the
primitive unit cells, and hence first Brillouin zones, for the two structural phases (Fig 5.11(f)).
In Fig 5.11(d), no significant difference is observed between the Fd3m and P4,2,2 structural
phases except for a small shift of (O 2p)-derived (Ru ey / In s)-derived bands. This, combined
with the observed physical properties, evidences that the Fd3m — P4,2,2 phase transition
should not involve spin or orbital order involving Ru 4d electrons and could be rationalised

by a lattice instability due to In-O geometry.

Since In** is non-magnetic, the magnetic response should originate from the Ru 4d
electrons. The Curie-Weiss fit above 500 K shown in Fig 5.10(f) gives pier ~ 3.8up and anti-
ferromagnetic Ocw ~ —1100 K. The value of p.g exceeds that expected for S = 1, suggesting
that spin-only moments cannot account for the electronic state of Ru**, or that y(T) already

deviates from the Curie-Weiss regime in the temperature range used for fitting.

In order to study the electronic structure of In,Ru,07, resonant inelastic x-ray scattering
(RIXS) measurement at the Ru Ls edge was performed and the result is shown in Fig. 5.12(a). At
T = 260K, in addition to the elastic peak, we observe six features at 53(17) meV, 276(4) meV,
394(34) meV, 700(18) meV, 1.01(2) eV and ~ 3.5eV. Large error bars for some of the peak
positions are likely due to the considerable peak overlap. While the feature at 3.5 eV represents
the excitations from the t,, to e; manifold, the ones below 1.5 eV correspond to excitations
within the t; manifold. The t;; — e, excitation in In;Ru,O; has lower energy than those
observed in In,Ir,O7 and other pyrochlore iridates (Fig. 4.8(a)), which is expected due to the
smaller spatial extension of the Ru 4d orbitals in the ruthenate. A minimum of five Voigt
functions (excluding the elastic line) is required to describe the observed spectrum below
1.5eV, and hence the t;; multiplet excitations are labelled A;, A;, A3, A4 and As as shown in
Fig 5.12(a).

To describe the excitations observed below 1.5 eV, we employed a standard Hamiltonian
for a tgg configuration with Hund’s coupling Jj, spin-orbit coupling Asoc and compressive
trigonal crystal field Ay,. The ideal trigonally compressed RuO4 octahedron would have Dsy
point symmetry as for the ideal pyrochlore lattice with Fd3m space group. In the distorted
P4,2,2 phase at room temperature, the Ru site point symmetry is C; or C;. However, distortions
that deviate the RuOg4 octahedron away from D34 point symmetry are relatively small, as the
band structure calculations show that the Ru t,; bands hold much of the a;4 and e, character.
Therefore, we initially neglect the additional distortions of the RuO4 octahedron and consider

the trigonal crystal field as the only non-cubic crystal field present.

We start by defining the on-site electron configuration of Ru**. The d* electron configura-
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states with the f,; manifold resolved into a;4 and e/ characters in the trigonal coordinate system
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respectively. Right: The first Brillouin zone of the Fd3m structure. (f) Comparison of P43m and P4,2,2
first Brillouin zones, where some high symmetry points, such as I', M and X, are equivalent between
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B Figure 5.12. (a), (b): Ru L3 edge RIXS spectra of InRu,05 (a) and (b) YoRu,O7 polycrystalline samples
with incident energy E; = 2839.2eV at T = 260K (a) and 260 K (b). The dashed line shows the fitted
elastic peak, while the peaks with the coloured area beneath the curve correspond to the excitations,
which are schematically shown in (d). The grey line corresponds an arctangent function which
represents the electronic continuum. All peaks were fitted with a Voigt profile. The blue (a) and green
(b) ticks denote the energy levels obtained from the fitting discussed in the text. The black triangle
in (b) marks an additional excitation. (c) Multiplet energy diagram for 15 states for t;,_ electronic
configuration (labelled in order of energy) as a function of trigonal crystal field Ay, where negative
Ayi corresponds to compressive distortion. Jg = 310 meV and Asoc = 70 meV. (d) The LS coupling
scheme of the t; g electronic configuration in the isolated ion description shown starting from two
limits. Left: split by Hund’s coupling Ji, then by spin-orbit coupling Asoc and finally by compressive
Ayi- Right: split by Hund’s coupling Ji, then by compressive trigonal crystal field Ay and finally by
spin-orbit coupling Asoc. The dashed lines indicate which states are mixed. The A;, Ay, A3, A4 and
As coloured states correspond to the labelled excitations in (a) and (b). (e) A magnified region of (c)
enclosing the lowest in energy 9 states ((*P)-derived multiplet). The vertical grey line marks the Ay;
value for InpRu;, 05 obtained from fitting in (a). (f) The expectation value J as a function of compressive
Ay for the lowest in energy 9 states. The vertical grey line marks the Ay value for In,Ru,0; obtained
from fitting in (a).



tion is subject to an octahedral crystal field from the Og cage. Since the ty4-¢, splitting (A,)
is of the order of ~ 3.5eV and we expect J < 1eV, we assume the A, = 10Dq > Ji and
exclude e, orbitals. The four electrons reside in the t,; manifold with a S = 1 configuration.
As Ju > Asoc, we then start with the LS coupling limit. First, Hund’s rules render the 3P
configuration |S = 1, Lo = 1) as the ground state, the !D configuration |S = 0, Leg = 2) as
the next excited state and the 'S configuration |S = 0, Lo = 0) as the highest energy state as
depicted in Fig. 5.12(d). Second, Asoc splits the 3P multiplet into J. = 0, 1 and 2 states with
Jeft = 0 as the lowest energy state. Finally, the trigonal crystal field Ay, lifts the degeneracy
and mixes the (®P)-derived and (1 D)-derived states.

As shown in Fig. 5.12(c), for non-zero Ay, the ground state remains a singlet, but is no
longer a pure J.g = 0 state because of mixture of other components. The J.¢ = 1 triplet splits
into a singlet and a doublet largely comprising |Jer = 1, J%; = 0) and | Jeg = 1, J%; = £1) states,
respectively. The J. = 2 quintet splits into a singlet and two doublets largely comprising
et = 2, JZ% = O), |Jest = 2, J5 = £1) and |Jer = 2, J%; = £2) states, respectively. The higher-
lying Hund’s !D multiplet splits into two doublets and a singlet. For compressive Ay;, the
doublet and the singlet states are stabilised in the (Jo = 1)-derived and (Jeg = 2)-derived
states, respectively, while within the ' D multiplet one of the doublets is lowest in energy (left
hand side of Fig. 5.12(c)).

In the large Ayi/{ limit, that is, when the trigonal crystal field is dominant (however
Ji > Ayi), the 3P splits into a triplet and a sextet separated by Ay (right side of Fig. 5.12(d)).
Inclusion of SOC further splits these multiplets into the states smilar to those described later
in this section and depicted in the centre of Fig. 5.12(d). Our band structure calculations of the
room temperature Fd3m (and hence P4,2,2) phase without spin-orbit coupling shows a split
of t; manifold into the a;, and e, states by trigonal crystal field and the energy difference
between two manifolds is ~ 200 meV (Fig. 5.11(b) and (d)), therefore it is reasonable to assume
that Ay should be of the order of at least 100 meV to 200 meV. Under strong trigonal crystal
field and without SOC, the energy of the first excitation should be of the order of Ay (right
side of Fig. 5.12(d)) and therefore it is not possible to explain the lowest energy peak of
53(17) meV or other peaks reasonably. This implies that the local electronic state at room
temperature cannot be rationalised only with trigonal crystal field, and Asoc is necessary to
be incorporated for understanding the local excitations. Indeed, for A/ ~ —2, the multiplet

in Fig. 5.12(c) matches the observed excitations reasonably.

By fitting the relevant parameters in Hiqq (Section 2.3.1) to the observed peak positions,
we obtain the energy level manifold marked in Fig. 5.12(e) and depicted in the centre of
Fig. 5.12(d). The excitations observed at T = 260 K can be labelled in Fig. 5.12(a) as follows: A;

is the excitation to the doublet derived from J.¢ = 1 state, A, corresponds to the excitations



to two singlets, originating from J.¢ = 1 and 2 manifold, and the Aj is the excitation to the
remaining two (Jog = 2)-derived doublets. Finally, A4 and As correspond to the excitations
to the (!D)-derived states. The obtained values of i ~ 310meV, Asoc ~ 70 meV and Ay; ~
—300 meV (compressive trigonal distortion) are similar to those reported in Ca;RuO4 with
weak tetragonal distortion [72]. The magnitude of the non-cubic crystal field is larger in
In;Ru,0; than that reported in Ca;RuO4 and can be rationalised by the strong trigonal
compression of the RuOg octahedra. In addition, |Ay;| is smaller in InpRu;07 than those found
in the pyrochlore iridates shown in Table 4.2, which is consistent with the smaller Ru 4d
orbitals in the pyrochlore ruthenate.

For the fitted parameters, the ground state remains a spin-orbital entangled singlet,
however it is no longer the J.& = 0 state. The singlet contains approximately 60 % of the
|Jet = 0, J%; = £0) state, while the remaining 40 % comprises the |Je = 2, J%; = +0) state, as
evident from the expectation value J ~ 1 shown in Fig. 5.12(f). The good agreement of the
RIXS spectrum with our theoretical model may imply that the approximations made so far,
that is, exclusion of the e, states and the additional distortion of RuO4 octahedra in the P4;2,2
structural phase, are reasonable. The fitted Ay; is significantly larger than Asoc, however one
can achieve the same multiplet structure by starting from both Ay > Asoc and Asoc > Ay
limits.

To further justify the use of our simplified model, we compare the RIXS spectrum of
InyRu,07 to that of Y,Ru;O7 with Fd3m symmetry, where only trigonal crystal field is acting
on the t,; manifold, as shown in Fig. 5.12(b). The RIXS spectrum of Y,Ru;07 at T = 300K
shows very similar features to that of In,Ru,O; except for slight differences in peak positions,
intensities and profiles (which should be taken with caution due to peak overlap), and an
additional feature at about 2.2 eV. The same fitting procedure as that used for In,Ru,0; gives
values of Ji ~ 345meV, Asoc ~ 70 meV and Ay ~ =310 meV. One could expect a significant
difference in Ay due to likely difference in the magnitude and/or sign of short- and long-range
trigonal crystal field. Contrary to that expectation, Ay;, as well as Asoc, are quite similar
between In,Ru,07 and Y,Ru,07 and J is significantly larger in the latter. This could be due
to difference in inter-site hybridisation and bond-covalency of Y-O and In-O bonds.

The Curie-like behaviour of y(T) in InyRu,0O; above room temperature can be attributed
to two factors. The excitation between the ground state singlet to the lowest doublet is of
the order of ~ 500 K, and therefore sizeable contributions from the thermally-excited states
should be present at high temperatures. In addition, considering the presence of long-range
magnetic order in other pyrochlore ruthenates [254, 255], the magnetic exchange coupling
may be strong enough compared to the magnetic excitation gap. The magnetic moments thus

can originate from those residing on singlet-doublet Van Vleck transitions as well [50, 256].



» Limitations of the single ion t;‘g model

Despite the successful fitting of the single ion ¢ g model on the RIXS data of In,Ru;O7 and
Y;Ru,07, there exist several possible improvements to the fits. Exclusion of e, states is
acceptable when 10 Dq > Jy. In reality, 10 Dq ~ 10 /i which can already induce mixing of t,,
and e, states, additional splitting of multiplets due to cubic crystal field and modify the energy
levels of the states. In addition, the pseudo-orthorhombic distortion of the RuOg octahedra
in the P4,2,2 structural phase of In,Ru;0O7 should produce splitting of some multiplet levels.
Finally, the hybridisation due to intersite hopping should also affect the multiplet structure,
which has been discussed for In,Ir,O7 in chapter 4. It is important to note that the peaks
observed in RIXS spectra of both pyrochlore ruthenates are not well separated, and therefore

fitted peak position, intensity and profile should be treated with caution.

5.3.3 Multiple phase transitions

The spin-orbit entangled singlet state is expected to display excitonic magnetism at low
temperatures via the condensation of excited states. However, on cooling from 300 K, In,Ru; 05
undergoes multiple structural phase transitions. First, at around 250 K a small hump with
hysteresis in y(T) (the right inset of Fig. 5.10(b)) and a kink in p(T') (Fig. 5.10(a)) are observed.
Simultaneously, In;Ru,0; becomes orthorhombic, adopting an a, ~ V2a;, by ~ V2a;, ¢, ~ ¢
unit cell with a space group C222; (relationship between unit cells shown in Fig. 5.10(h))
as evident from the reflections observed at 235K in Fig. 5.13(b). Second, at about 230K,
x(T) shows a moderate drop, while p(T) exhibits a small jump. At that temperature, the
diffraction peaks associated with the orthorhombic distortion vanish, implying that In,Ru,0;
adopts a primitive tetragonal cell (possibly P4m2 in Fig. 5.13(b)) with lattice parameters
comparable to those of P4;2;2. As evident from DSC in Fig. 5.10(c), a total entropy of ~3
J/K-mol-Ru is released when crossing these two first order transitions, which could suggest
partial quenching of orbital and/or spin degrees of freedom. The structures of those two
phases are not solved yet and so far only the orthorhombic structure is indexed with the
C222; space group. Therefore, the nature of the two intermediate phases is beyond the scope
of this thesis.

Upon further cooling, a sharp drop of y(T) down to a value of ~ 2.5X10™* emu/mol-Ru is
observed as shown in Fig. 5.10(b). Below 220K, y(T) exhibits nearly no temperature depen-
dence, suggesting an emergence of a non-magnetic state or long-range antiferromagnetic
order. The thermal hysteresis of y(T) and a large peak in DSC with an entropy release as
large as 10.39 J/K-mol-Ru suggest that the transition is of first order and involves quench-
ing of spin and orbital degrees of freedom. Associated with the transition, p(T) shows a

discontinuous jump. Consequently, In;Ru,O; adopts a P42;c tetragonal unit cell with the ¢
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B Figure 5.13. (a) Changes occurring with decreasing temperature around the 440 reflection observed
in neutron diffraction powder patterns. (b) Group-subgroup relations between space groups found
in all structural phases observed in In,Ru,07. Indices for group-subgroup relations are shown (e.g.
t2, k3) as well as unit cell basis of a subgroup with respect to its supergroup. Orange arrows indicate
transformations into subgroups, while the dashed blue arrow indicates that there is no group-subgroup
relationship between the C222; and P4m2 space groups. (c) and (d) show Rietveld analysis of the
neutron diffraction powder patterns at T = 300K and 10K, where the black crosses, red line, grey
line and blue ticks correspond to the observed pattern, the Rietveld fit profile, the difference curve
between observed and calculated profiles and In,Ru, 05 reflections, respectively. Structural parameters
extracted from the depicted Rietveld plots are shown in Table 5.3.

unit cell parameter doubled as shown in Fig. 5.10(d) and (h), and seen in neutron diffraction
pattern in Fig. 5.13(a) and (d). While the Fd3m — P4,2,2 — (222, structural transitions
obey the group-subgroup relationships, either C222; — primitive tetragonal or primitive
tetragonal — P42c structural transition is likely to be violating Landau’s postulate as shown
in Fig. 5.13(b). However such a situation is allowed since, as evident from DSC (Fig. 5.10(c)),
all structural transitions below 300K are of first order. The details of the P42;c structural
phase will be discussed in later sections.

As evident from dp/dT in Fig. 5.10(a), the discontinuous jump occurs at a slightly higher
temperature than the anomalies observed at ~ 220K in y(T) and DSC. This could be due
to the strain associated with the first order structural transition which might have a more
severe effect on a pressed pellet with attached contacts used in the resistivity measurement
in contrast to loose powder used in magnetic susceptibility measurement. In Fig. 5.10(g), the
specific heat C/(T) shows a broad, oddly shaped anomaly at ~ 230 K which is consistent with

the multiple first-order phase transitions in that temperature range. In addition, C/(T) does
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B Figure 5.14. Ru L3 edge RIXS spectra of In,Ru,07 polycrystalline sample with incident energy
E; =2839.2eV at T = 260K, 200K, 100K and 30 K.

not show any other anomalies below 220 K. There are two anomalies in dp/dT at ~ 330K
and ~ 430 K. The former anomaly is the temperature at which the low and high temperature
resistivity data are combined resulting in a small offset. The latter could be linked to the
Fd3m — P4,2,2 transition, or the crossover from an extrinsic charge gap to an intrinsic one
at high temperatures.

We note that on cooling from high temperature across the multiple transitions, a total
of ~ 13.5J K ! mol~'-Ru is released. If one assumes that the ground state is a singlet, there
should be no entropy to be released. However, it is likely that the higher-lying states are
populated in the relevant temperature range ~ 700 K and increase the entropy. The value
inferred from DSC is rather close to the total entropy of Ru** S = 1, L.g = 1 electronic state
of RIn((2Leg + 1)(2S + 1)) of ~ 18 JK~! mol~!-Ru.

In addition, the RIXS spectra show drastic changes with decreasing temperature (Fig. 5.14).
At 200K, that is, below the sharp drop in y(T), a large portion of the spectral weight appears
to be transferred to higher energies, in particular 0.8 eV, suggesting that the local spin-orbital
entangled singlet picture is no longer valid. Simultaneously, the t3; — e, shifts to lower
energies energies which could be due to the occurring structural changes. In addition, the
peak at ~ 300 meV (excitations to (Jo = 1)-derived singlet and (Jog = 2)-derived states) shows
a decrease in intensity as the temperature is lowered down to 30 K. This gradual decrease of
intensity is not well understood and perhaps could be attributed to the cooling rate being

insufficient for reaching thermal equilibrium at each measurement stage.
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B Figure 5.15. (a) Time evolution of ZF-uSR spectrum of In,Ru,O7 polycrystalline sample at various
temperatures obtained on warming. The solid lines show a stretched exponential fit of the data in
the form P,(t) = Ae~ " 4 Ay. (b) Temperature dependence of A and S fitted with the stretched
exponential. The dashed line marks the temperature of the sharp drop in y(T).

5.3.4 Non-magnetic ground state

To identify the nature of the low temperature phase, we tracked the temperature dependence
of ZF-puSR of polycrystalline In,Ru;07 sample. The time dependence of the muon asymmetry
did not show an oscillation down to 10 K (Fig. 5.15(a)), which excludes the presence of long-
range magnetic order and points to a non-magnetic state such a spin singlet or molecular
orbital. Due to the lack of precise knowledge of the processes involved in the muon relaxation
inside the In,Ru;07 polycrystalline sample, a general form of stretched exponential was used

for fitting the muon relaxation:
P,(t) = A 1 A, (5.2)

where P,(t) is the time-dependent asymmetry, A is the initial asymmetry, A is the relaxation
rate, f is the exponent and A, is the offset set to be identical in all temperature scans. The
temperature dependence of A and f is shown in Fig. 5.15(b) and it is evident that a sharp
increase occurs in both A and S below the transition temperature. This behaviour is similar
to other compounds showing a non-magnetic spin singlet formation [235, 257-259], where
an increase and then saturation of A upon cooling across the magnetic transition corresponds
to an opening of the magnetic excitation gap. One can fit the temperature dependence of 1
by assuming fluctuating spins across the gap, and hence it is possible to extract the value of
the gap [257]. However, in In;Ru,07, A gradually increases with cooling below 220K and
exhibits a sharp drop below 100 K. This is likely due to the glassy spin component appearing
at around 150 K in y(T) (Fig. 5.10(f)). This glassy component rendered such fitting ineffective.
In addition, caution should be taken when dealing with stretched exponential fitting of ySR

data, as A and f are codependent.



5.3.5 Formation of Ru,0 trimers at low temperatures

To unveil the origin of the low temperature non-magnetic state, we investigated the structural
changes occurring below 220 K. The single crystal x-ray diffraction, together with the powder
neutron diffraction, showed that the crystal symmetry of In,Ru,05 is further reduced to the
tetragonal space group P42;c¢ with the doubling of the unit cell. At 10K, the P42;c unit cell
shown in Fig. 5.16(a) has lattice parameters of a;, = 10.004 15(17) A and ¢;» = 20.0148(5) A
and hosts four inequivalent 8-fold In as well as Ru sites with the pyrochlore lattice preserved
(Table 5.3). The four Ru sites give rise to four types of Ru tetrahedra comprising exclusively
Rul sites, two Ru2 and two Ru4 sites, exclusively Ru3 sites and all four Ru sites, respectively
(Fig. 5.16(b)). Shown in Fig. 5.16(c), each RuOg4 octahedron is still approximately trigonally
compressed, however the Ru-O bonds are subject to further modulation. RuO4 octahedra
undergo a “pseudo-tetragonal” compression, where two “axial” Ru-O bonds decrease in length,
while the other four “equatorial” Ru-O bonds become elongated (Table 5.4). In addition, one
of the axial Ru-O bonds becomes much shorter than the other ones by as much as 10 %, and
those are Ru1-0O11, Ru2-06, Ru3-04 and Ru4-O11 bonds shown in Fig. 5.16(c).

The 04, O6 and O11 atoms which are involved in a short Ru-O bond form another short
Ru-O bond in the neighbouring RuO4 octahedron, giving a short Ru-O-Ru link. In the high
temperature cubic structure, those O atoms coordinate two Ru atoms and two In atoms
simultaneously (Fig. 5.21(e)). In the P42;c structure, those O atoms are displaced much closer
towards the Ru atoms, and effectively no longer coordinate the In atoms (Fig. 5.16(b) and (d))
and the In1-04, In2-06, In3-O11 and In4-O11 distances increase up to ~ 3 A. As a result of this
displacement, the Ru1-O11-Ru4, Ru2-O6-Ru2 and Ru3-O4-Ru3 angles are greatly enlarged and
range from ~ 155 to 161°, while the average of Ru-O-Ru bonds angles along other directions
remain close to the high symmetry value of ~ 125° (Table 5.4). We find that while there are
four inequivalent Ru sites, all of them participate in such short and large angle Ru-O-Ru

geometry, which we call Ru,O “trimers” (the oxygen atom in the trimer is denoted as Oy).

For clarity, Ru1-O11-04, Ru2-06-Ru2 and Ru3-04-Ru3 trimers will be referred to as trimer
14, 2 and 3, respectively. The details of bond distances and bond angles are different for each
trimer. Trimers 2 and 3 have C, point symmetry (C, axis parallel to the Ru-O-Ru plane),
while trimer 14 has C; point symmetry, and there is twice as many 14 trimers as compared
to 2 or 3. Trimers 2 and 3 orient in the a + b and a — b planes, respectively, and trimer 14 is
oriented in the b + ¢ and b — ¢ planes. The Ru-Ru distance is the shortest within trimer 2, and
the other two trimers have Ru-Ru distances comparable to other, “non-trimerised”, Ru-Ru
bonds (Fig. 5.16(b)), which implies that the Ru-Ru distance is not an important factor in the
trimer formation. Despite the quantitative differences, the observed structural features are

qualitatively the same among all trimers. The Ru,O trimer units are effectively isolated from
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W Figure 5.16. The crystal structure of InRu,07 in the P42;c phase. The O2-derived (that is, O3, O5
and 013) atoms, which coordinate the In atoms only, are shown in yellow. Other coloured atoms are
O1-derived ones (all in different colours) unless specified otherwise. (a) The P42;c¢ unit cell. (b) The
detail of the connectivity of the Ru-O network. There are four types of Ru tetrahedra. (c) The local
structure of the RuOg octahedra. The blue arrows indicate the direction of the trigonal compression
axis. (d) The local structure of the InOg scalenohedra. The dashed lines between In and O atoms
indicate that the O atom is displaced so far from the In atom that it is no longer considered to form a
chemical bond with the In atom.



m Table 5.3. Refined structural parameters of In,Ru,0O; obtained at a temperature of 10 K from neutron
diffraction pattern shown in Fig 5.13(d). g and Ujs, correspond to the site occupancy and the isotropic
thermal displacement parameter, respectively. Ui, was constrained to be identical for the same
elements residing on different Wyckoff sites. Ry, and y? are refinement quality indices. a, b, ¢ are unit
cell parameters.

T = 10K, P42;c (No. 114), Z = 16. Ry = 0.0274 and y* = 5.810 for 68 refined parameters.
ay = 10.004 15(17) A, ¢;r = 20.0148(5) A.

Atom Site x y z g Uiso (AZ)
Inl Se 0.3700(34) 0.6429(35) 0.8068(19) 1 0.0028(15)
In2 8e 0.1395(30) 0.3619(30) 0.0681(15) 1 =In1
In3 8e 0.886(4) 0.8641(33) 0.1899(21) 1 =In1
Tn4 8e 0.6002(33) 0.8580(30) 0.0609(17) 1 =In1
Rul Se 0.8863(21) 0.1327(20) 0.0649(11) 1 0.0009(7)
Ru2 8e 0.6283(21) 0.8845(21) 0.3082(12) 1 =Rul
Ru3 8e 0.3869(22) 0.3648(21) 0.9382(11) 1 =Rul
Rud 8¢ 0.1295(21) 0.3766(21) 0.8194(12) 1 =Rul
01 4d 0 1/2 0.8670(19) 1 0.0052(4)
02 4c 0 0 0.1199(16) 1 =01
03 4c 0 0 0.2623(16) 1 =01
04 4d 1/2 1/2 0.9189(13) 1 =01
05 4d 0 1/2 0.0152(17) 1 =01
06 4d 1/2 0 0.3261(16) 1 =01
07 8e 0.4895(23) 0.2498(29) 0.8717(11) 1 =01
08 8e 0.2552(30) 0.4685(19) 0.8811(12) 1 =01
09 8e 0.5237(20) 0.7568(33) 0.3708(11) 1 =01
010 8e 0.7617(25) 0.7652(23) 0.2673(12) 1 =01
011 8e 0.7475(21) 0.1018(19) 0.1232(10) 1 =01
012 8e 0.2757(20) 0.2247(21) 0.9790(10) 1 =01
013 8¢ 0.7440(24) 0.7659(23) 0.1255(16) 1 =01
014 8e 0.5150(23) 0.2775(21) 0.9996(12) 1 =01
015 8e 0.5109(24) 0.7828(23) 0.2422(11) 1 =01
016 8e 0.0176(21) 0.1982(17) 0.0023(11) 1 =01
017 8e —0.0066(25) 0.2825(23) 0.7586(11) 1 =01




l——;b trimer 2

trimer 3

W Figure 5.17. The trimer pattern adopted in the P42;c¢ structural phase of In,Ru;O; with only Ru
pyrochlore network shown. The blue, pink and green bonds denote the 14, 2 and 3 trimers, respectively.

m Table 5.4. Structural features of the Ru-O network inferred from Table 5.3. z corresponds to the axial
Ru-O bonds, while xy corresponds to the equatorial Ru-O bonds. For Ru-O-Ru bond angles, “trimer”
refers to the shortest Ru-O-Ru links, while “long” refers all other Ru-O-Ru links in the four types of Ru
tetrahedra where 1, 24, 3, and 1234 correspond to Ru tetrahedra comprising Rul sites only, two Ru2
and two Ru4 sites, Ru3 sites only, and Rul, Ru2, Ru3 and Ru4 sites, respectively (Fig. 5.16(b)).

Average Ru-O bond lengths (A)

Orientation Ru10g Ru20q Ru30q Ru40q
z 1.89 1.87 1.89 1.87
Xy 2.01 2.03 2.03 2.03
Average Ru-O-Ru bonds angles (°)
Orientation 1 24 3 1234
trimer 161 157 155 161
long 128 130 133 130

the rest of Ru pyrochlore network because of much larger “inter-trimer” Ru-O bond lengths.
Consequently, the original pyrochlore lattice of InRu,07 transforms into an arrangement of

semi-isolated Ru,O trimers as shown in Fig. 5.17.



5.3.6 Molecular orbital formation within the Ru,0 units at low temperatures

The trimer formation at low temperatures has a strong impact on the electronic structure
as revealed by the band structure calculations without spin-orbit coupling. The partial DOS
projected onto Ru 4d orbitals and O 2p orbitals are shown in Fig. 5.18. The calculated band
structures for the Fd3m and P4,2,2 (Fig. 5.11(a)-(d)) structures are metallic when on-site
Coulomb U is not incorporated, and both structural phases have slightly split Ru a,, and e,
bands, produced by the trigonal crystal field. In contrast, the low temperature P42;c phase
with Ru,O trimers gives an insulating solution even without U. The trigonal coordinate
system rationalised by trigonal compression of RuOg octahedra is no longer convenient,
and instead Ru 4d states are resolved into dyy, dy;, dy., d,» and dxz_yz orbitals, where the
local coordinates for each Ru site are defined such that the z axis points along the shortest
RuOy bond. Fig. 5.18 shows partial DOS relevant to (a) Ru1lQOg, (b) Ru4Og, (c) Ru204 and
(d) Ru30Og¢ octahedra. Despite structural differences between the four RuO4 octahedra, the
relevant partial DOS produce qualitatively the same results. As shown in the middle panels
of Fig. 5.18, the pseudo-tetragonal compression lowers the energy of d,, and dy2_,2 in the £,
and e, manifolds, respectively. The d, orbital is fully occupied, while the d,, and d,, orbitals
are slightly mixed and split, yielding a small charge gap. The energy difference between
the centroids of occupied and unoccupied t,; manifolds is about 1 eV, which is close to the
excitation of largest intensity observed at ~ 0.8 eV in the RIXS spectrum at T = 30 K shown
in Fig. 5.14.

The presence of the charge gap can be attributed to the formation of molecular orbitals
(MO) on the Ru;O trimer units. The Ru,O trimers have a noticeably large Ru-O;-Ru angle of
~ 160° which is close to the 180° bond geometry limit. Therefore, for simplicity, we consider
a Ru,0 trimer with 180° bond geometry embedded in two corner-shared RuOg octahedra
as depicted in Fig. 5.19(a) and (b). We fix the z axis parallel to the Ru-O-Ru bond and we
incorporate the tetragonal compression (along z) which lowers the energy of dy, and d,_»
orbitals, rendering dy, full and inactive. For the full Ru 4d orbital manifold, we consider both
tag-p-t2g and e,-p-e, hopping processes.

In the ty4-p-t55 hopping process shown in Fig. 5.19(a), Ru dy, does not hybridise with O p
states due to the orthogonal configuration and thus remains non-bonding. The d,, and d,,
orbitals form an 7-type overlap with O p, and p, orbitals, respectively. For both overlaps, one
can consider three types of phase configurations: bonding (all in phase), antibonding (d in
phase but p out of phase) and non-bonding (only one d and p in phase), which produce three
molecular orbitals (MO). Those are indeed the solutions produced if one considers a simple
Hamiltonian describing hopping in a “trilinear molecule” shown in Fig. 5.19(c). Similarly

to Hiickel’s method [260], the used Hamiltonian does not contain any information other
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than the original atomic orbital energy and the hopping integral, and the resulting molecular
orbitals can be described as a linear combination of the atomic orbitals. We can define our

basis of atomic orbitals:

$1 = px(py)s (5.3)
(/J)Z = dxz,l(dyz,l)a (5.4)
¢3 = dxz,Z(dyz,Z)’ (5.5)

where ¢1, ¢, and ¢3 describe the p,(p,) and the two (1, 2) d.(dyx) atomic orbitals. We consider
hopping only between d and p orbitals, that is, the Hamiltonian matrix elements H;; # 0 only

if i, j are nearest neighbours (Fig. 5.19(c)). For example:

Hy = (g3 |H|¢1) = 1, (5.6)
Hip = (¢3|H| ¢2) =0, (5.7)

where t is the hopping integral. We can then define the on-site energy for the p and d orbitals
as E, and Eg, respectively. Note that in this a simple approximation as we consider all hopping
integrals and d orbital energies to be equivalent, which could be not the case. The Hamiltonian

can be expressed as a matrix:

E, t t
H=|t E; 0 (5.8)
tr 0 Ey4

Then, each of the created molecular orbitals 1/; can be described as a linear combination of

the atomic orbitals:
[Vi) = ai|p1) + bi|P2) +ci [¢3), (5.9)

with the corresponding energies (eigenvalues of the Hamiltonian):

€1 = Ed, (510)

(Ep + Eq) = \/(Ep + Eg) +4(212 — EyEy)
2

€23 = . (511)

where € is the non-bonding MO located between the €, 3 bonding and antibonding MOs
in energy. For ruthenium oxide likely E; > E,, and so the bonding orbitals should be
largely of oxygen character, while the antibonding orbitals are largely of ruthenium character
(Fig. 5.19(c)). The ey-p-e;, hopping process, namely o-type d,.-p,-d,. overlap, generates a
similar result: there are three possible types of phase configurations, bonding, antibonding

and non-bonding shown in Fig. 5.19(b), where the latter two are largely of d character.
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B Figure 5.19. (a) m-type d-p-d orbital overlap in a 180° Ru-O-Ru bond geometry with two possible con-
figurations: dy.-py-dy, and d.-px-dy. Three possible phase arrangements give bonding, antibonding
and non-bonding molecular orbitals. (b) o-type d-p-d orbital overlap in a 180° Ru-O-Ru bond geometry
with d,2-p,-d,2, which bonding, antibonding and non-bonding molecular orbitals. (c) Molecular orbital
scheme for both (a) and (b). ab, nb and b denotes antibonding, non-bonding and bonding molecular
orbitals, respectively. Note that in reality, E4, E;, and ¢ should not be equivalent for (a) and (b). (d)
The total molecular orbital scheme including three O 2p orbitals and ten 4d orbitals from 2 Ru atoms.
The dy, and d,2_,> Ru orbitals are non-bonding and lower in energy due to pseudo-tetragonal com-
pression (prior to molecular orbital formation). (e) Examples of other hopping processes generating
additional hybridisation within RuO4 octahedra. Left: bonding overlap with equatorial O p states of
the configuration shown in (a). Right: bonding overlap of d,:_,2 orbital with equatorial O py and p,
states.



From the above consideration, one would expect a total of eight manifolds to appear in the
band structure, that is bonding, antibonding and non-bonding states from each 7-type and
o-type overlap, as well as non-bonding d, and d,:_,: states depicted in Fig. 5.19(d). As the O,
atom is assumed to be no longer bonded to In atoms, it contributes its full six 2p electrons to
the MO scheme, which together with four 4d electrons each from two Ru atoms gives a total
of 14 electrons. As a result a band insulator is produced, where the highest (fully) occupied
state in the Ru,O unit is the non-bonding 7 MO, and the lowest energy excitation is that from

the non-bonding 7 to the antibonding 7™ state.

Despite the deviation of the Ru-O;-Ru angle from 180° and additional distortions, those
MO states are indeed observed in the calculated DOS of In,Ru,O7 in the P42;c structure and
the Fermi level locates between the 7 non-bonding and antibonding states (Fig. 5.19(d)) as
shown in Fig. 5.18. The d.(dy.)-px(py)-dx-(dy.) hybridisation produces a broad bonding orbital
stretching from —8 eV to —2 eV, a non-bonding orbital located between —1.5eV and 0 eV just
below the Fermi level Er and an antibonding orbital located between 0eV and 1eV. The
non-bonding d,, orbital coincidentally overlaps with the 7 non-bonding states. As evident
from top and middle panels of Fig. 5.18, the non-bonding 7 states are largely of Ru d character,

while the antibonding states 7 have appreciable contribution from Oy p states.

Analogously, d2-p,-d? hybridisation produces bonding states manifested as a sharp peak
at around —8 eV (top panels of Fig. 5.18), non-bonding states located between 2.5eV and
4.5 eV and anti-bonding states located between 5 eV and 6 eV (middle panels of Fig. 5.18). The
non-bonding d,2_,2 orbital coincidentally overlaps with the o non-bonding states. As evident
from top and middle panels of Fig. 5.18, the o bonding states have a strong contribution of the
O; p states, while the non-bonding and anti-bonding states comprise mostly the Ru d states.
The o-0" gap is of the order of ~ 14 eV, while the 7-7" gap is smaller and about 5.5 eV, which
is consistent with the difference in the strength of overlaps. The splitting of the e, band due
to formation of ¢ non-bonding and antibonding states is consistent with the broadening of

the t,; — e, excitation observed in RIXS.

In the bottom panels of Fig. 5.18, p states of equatorial O atoms also show significant, and
comparable to that of O;, weight in bands between —8 eV and —2 eV (bonding ) as well as
between 2 eV and 4.5 eV (non-bonding o and d,:_,2). This can be rationalised by not only
deviations from the ideal Ru-O;-Ru ~ 180° geometry, but the additional hopping paths present
within the RuOg units, for example between Ru d,, and equatorial O p, and p, states, or

between Ru d,2_,» and equatorial O p, and p, states as depicted in Fig. 5.19(e).

Incorporation of spin-orbit coupling does not show appreciable impact on the DOS of the
InyRu,0;7 P42;c structural phase. While the Ru d states appear to be affected as evident from

shifts due to spin-orbital entanglement of the occupied states and unoccupied states, the gap
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B Figure 5.20. Comparison of the total calculated scalar-relativistic (without SOC) and fully relativistic
(with SOC) DOS for In,Ru,07 in the P42;c¢ structural phase.

remains robust (Fig. 5.20). Further details of the electronic structure might be affected upon
incorporation of U, however bonding-antibonding split is likely the largest energy scale here,
fostering trimerisation with molecular orbital formation in the non-magnetic ground state of

InyRu, 07 produced by the strong structural distortion.

5.3.7 The role of the In-O network

This type of molecular orbital formation has never been observed in other pyrochlore ruthen-
ates or other pyrochlore transition metal oxides. We argue that this unique feature of In,Ru,0;
can be attributed to the nature of the In-O bonds. The A-site cation of pyrochlore oxides
is coordinated by an anion scalenohedron comprising six O1 atoms and two O2 atoms as
illustrated in Fig. 5.8(b). The O2 atom is located at the centre of a regular tetrahedron com-
posed of A atoms. When the A-site cation is a rare-earth ion or Y**, the A-O bond is ionic
and the high-symmetry coordination remains intact down to the lowest temperatures. In
contrast, In,Ru,07 undergoes multiple structural transitions accompanied by drastic changes
in the In-O network. In the cubic Fd3m structural phase above 450 K, the In-O2 bond-length
(2.161 A) is much shorter than that of In-O1 (2.374 A) (Fig. 5.21(e)). The longer In-O1 bonds
disproportionate into four slightly (~ 3 %) shorter bonds and two significantly longer (~ 10 %)
bonds through the cubic to P4;2,2 tetragonal structural transition (Fig. 5.9(d)). Since the In 5s
orbital locates close to the O 2p level, the In-O bonds are expected to have stronger covalent
character compared with other A-O bonds of pyrochlore oxides.

In the low temperature P42;c structural phase below 220K, the distortion of the In-O

environment is further enhanced. Fig. 5.16(d) illustrates the In-O bonds around the four In
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B Figure 5.21. (a)-(d) Density of states projected onto In 5s states and O 2p states in InpRu, 07 P42;c
structural phase corresponding to the In10g scalenohedron. The grey states with the coloured area
beneath the curve show the corresponding states in the Fd3m structural phase. (a) O 2p states of
O atoms that remain bonded to Ru atoms. (b) O 2p states of O atoms that originate from Og, (O1)
atoms in the Fd3m structural phase but move closer to In atoms. (c) In 5s states. (d) O 2p states of
O atoms that originate from Oy, (O2) atoms in the Fd3m structural phase. (e) The bonding of the
InOg scalenohedra to the RuOg4 octahedra in the Fd3m structural phase. (f) The bonding of the InOg
scalenohedra to the RuOg octahedra in the P42;c¢ structural phase. Top: the O4 atoms bridging the two
Ru3 atoms is no longer bonded to two In1 atoms. Bottom: In forms short In-O bonds with some of the
O1-derived atoms.



sites. Some of the In-O bonds, which derive from the longer In-O1 bonds in the cubic phase
(denoted as In-O1.), become as long as ~ 3 A (In1-O4, In2-0O6 and In3-O13 and In4-O13).
Those involve the O; atoms that comprise the Ru,O trimer units: O4 (trimer 3) and O6 (trimer
2) atoms are released from two In1 (Fig. 5.21(f)) and In2 atoms, respectively, while the O13
atoms are released from In3 and In4 atoms (as the 14 trimer has no C, point symmetry).
Effectively, the O4, O6 and O11 are no longer bonded to the In atoms and instead are strongly

hybridised within the Ru,0 unit, contributing all their 2p electrons to the molecular orbitals.

In contrast, other (In-O1.)-derived bonds shrink and become comparable to the (In-02.)-
derived bond. The O atoms comprising those bonds are denoted Ory—1,. For example, In1-O7
and In1-015 bond lengths are 2.19(5) A and 2.25(5) A, respectively, while the In1-O dumbbell
bond lengths are 2.13(4) A and 2.17(5) A (Fig. 5.21(f)). Those shorter (In-O1.)-derived bonds
comprise mostly the equatorial (local xy plane) O atoms coordinating Ru atoms. In addition
all In atoms except In3 have one additional longer (In-O1)-derived bond, such as In1-O8,
In2-012 and In4-016. The short In-O bonds should have a strong covalent character, which
in turn reduces the hybridisation between Ru 4d orbitals and O 2p-orbitals of the equatorial
O atoms. The suppressed d-p hybridisation enhances the isolation of Ru;O molecular units

from the rest of the lattice.

To further investigate the impact of the distortion on the In-O network, we asses the
partial DOS projected onto In 5s orbitals and O 2p orbitals obtained with band structure
calculation without spin-orbit coupling and compare them against those in the cubic phase as
shown in Fig. 5.21(a)-(d). Fig. 5.21 depict partial DOS relevant to the In10g scalenohedron,
that is (a) Og, states ((In-O1.)-derived bonds), (b) Ory—m states, (c) In s states and (d) Op,
states (In-O dumbbell bonds). It appears that between —9 and —2 eV the Oy, 2p states do not
shift or broaden significantly in the P42 ¢ as compared to Fd3m structural phase. On the other
hand, in Fig. 5.21(a) and (b) the O 2p states shift to lower energies in the low temperature
phase (Fig. 5.19(c)). While the Ogry—1, states show features similar to those of Og,, some of
the DOS weight is transferred to higher energies, resembling the Or, states (Fig. 5.21(d)). In
addition, the O15 2p states shown in Fig. 5.21(b) contribute to the o bonding states below
—8 eV, however that can be rationalised by the fact that the O15 atom is an axial O atom in the
Ru4Og¢ octahedron, and hence quite likely participates in the o-type hybridisation (top panels
in Fig. 5.18). The changes occurring in the In and O bands do not seem to shed more light on
the molecular orbital formation, however the subtle changes in the O bands corresponding to

different types of In-O bonds do corroborate the bond disproportionation discussed above.



5.4 Discussion

The new pyrochlore ruthenate In,Ru,07 displays competition between a spin-orbital entan-
gled singlet state and molecular orbital formation. Despite the largest trigonal distortion
among the family of pyrochlore ruthenates, spin-orbit coupling Asoc is operative and produces
a spin-orbital entangled singlet state at room temperature. Evidence of a similar singlet state
in sister compound Y,Ru,0O7 implies that other pyrochlore ruthenates A;Ru,O; with trigonal
distortion smaller than that found in In,Ru,07 also have a spin-orbital entangled state and
their long-range magnetic ordering may represent an excitonic magnetic order. In contrast to
those pyrochlore ruthenates, In,Ru, 07 displays complex phase transitions and eventually
becomes a non-magnetic insulator accompanied by a formation of molecular orbitals on the
Ru,0O trimer units. The origin of multiple transitions below 250 K is not clear yet, and further
structural analysis is required to unravel the nature of intermediate phases. As we observe
substantial entropy release even above 220 K, we expect that the transitions at 235K and
225K should involve spin and orbital degrees of freedom, likely a precursor for the Ru,O
molecules.

Among the pyrochlore ruthenates, Tl;Ru,0; undergoes a metal-to-insulator transition
and displays a non-magnetic ground state, similar to that of In,Ru;07, below 120 K [229]. The
origin of non-magnetic state has been attributed to the formation of spin-singlet Haldane
chain on the pyrochlore lattice within 1D Ru zigzag chains produced by lattice distortion. As
Tl locates right below In in the periodic table, a similarly strong covalent s-p bond would be
expected. The TI-O bond covalency and disproportionation has indeed been addressed [231,
233, 237]. However, the influence of this covalency on the Ru 4d electronic states has not
been fully explored.

Covalency effects in In-containing compounds however have been addressed in context
of hybrid orbitals in indate spinels and metallic In long time ago in Ref. [261]. For instance,
metallic In forms a FCC tetragonal lattice with c¢/a > 1 which is discussed to be induced
by dsp® hybrid orbital formation. dsp* hybrid orbital is formed with In s, py, p, and d,2_
orbitals and favours square planar coordination (Fig. 5.22(b)). It is therefore believed that
the tetragonal structure of In is induced by formation of strong covalent In bonds in the
square lattice as shown in Fig. 5.22(a). A similar mechanism has been proposed in tetragonal
(c/a > 1) spinels Caln,04 and CdIn,O4, where In occupies octahedral sites and forms similar
hybrid orbitals to those of metallic In with O atom ligands coordinating the In atoms instead.
The distortion of metallic In and indates is not driven by JT-instability discussed in chapter 1,
and is a result of bond disproportionation due to bond covalency instead. It is likely that
Iny,Ru,07 shows a similar mechanism, however the In 4d states do not locate in the vicinity of

the 5s and 5p states and hence such dsp? hybridisation should not be relevant. Nevertheless, it
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explanation of the tetragonal distortion found in metallic In. The dsp? hybrid orbitals comprise In s,
Px»> Py and dy2_,2 orbitals shown in the grey area. Each out of four dsp? hybrid orbitals is aligned with
one of the In-In bonds.
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is possible that some type of s-p hybrid orbital formation takes place in In,Ru,05, although it
is not obvious what kind of bond geometry is preferred. The shortest In-O bonds in the P42;¢
InyRuy 0y structural phase form trigonal prismatic, octahedral, or square pyramid (all strongly
distorted) coordinations around different In sites depending on the fixed In-O bond length
limit. We are not aware of materials with partially filled d orbitals (magnetically active) that
undergo a structural transition induced by bond disproportionation/hybrid orbital formation
due to constituent magnetically inactive cation - ligand anion covalency effects. In,Ru,0;
therefore appears as a first magnetic and spin-orbital entangled material that likely exhibits
such a phenomenon.

In contrast to In,Ru,07, the 5d counterpart In,Ir,O; remains cubic down to the lowest
temperature and spin-orbital entangled J.¢ = 1/2 wave function is robust [170] (Chapter 4). In
Fig. 5.23, a comparison of DOS in the Fd3m structure without spin-orbit coupling between the
two compounds shows that the t,; band is broader and the t54-¢, split is greater for In,Ir;O;
as a consequence of more spatially extended 5d orbitals as compared to the Ru 4d orbitals. In
addition, the Oy, 2p bands below —2 eV locate at lower energy in In,Ir,O7 (Fig. 5.23(d)). The
Ory, states of In,Ru;07 at around 4 eV are broadened compared with those of In,Ir,O7, which
could point to hybridisation of the In-O network with the Ru e, states.

A more naive rationalisation of the stark contrast between In,Ru,0; and In,Ir,O; involves
the magnitude of spin-orbit coupling and d° electron count of Ir**. Firstly, spin-orbit coupling
in InyIr,07 is of the order of { ~ 0.4 eV (while that of InyRu,07 is ~ 0.15 V) and is therefore
larger than the non-cubic crystal field, likely fostering a more robust J.g state against In-O
lattice instability. Secondly, in the case of hypothetical Ir,O molecular unit formation there
would be two more electrons filling the molecular orbital manifold shown in Fig. 5.19(d),

resulting in partial filling of the 7 antibonding orbitals and destabilisation of molecular
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orbital formation.

The competition between spin-orbital entanglement and molecular orbital formation has
been seen in a number of 4d or 5d-based systems such as honeycomb-based iridates and
ruthenates, particularly under pressure [103, 161, 162, 165, 167, 169] (see chapter 3). While
spin-orbit coupling works to mix nearly degenerate t,, orbitals to produce J.¢ wave functions,
strong inter-site hopping of specific t,, orbitals may lead to a bonding and antibonding
split of molecular orbitals, which lifts the degeneracy of t;; manifold. A distinct feature
in In,Ru,05 is that the molecular orbitals are formed with the involvement of the oxygen
2p electrons, namely induced by Ru 4d-O 2p-Ru 4d hopping through the corner-sharing
connection, whereas the direct d-d hopping across the shared edges of the octahedra plays a
crucial role in the honeycomb-based systems.

Orbital molecule formation is rare among A;B,0; magnetic pyrochlore oxides, while it is



common in AB,Oy4 spinels [41], which is likely due to “inconvenient” ~ 130° B-O-B angles
in corner-sharing geometry in the former and easily favoured direct d-d hopping in the
B-0O;-B edge-sharing geometry in the latter. In addition, Ru,0O trimer formation in In,Ru,0;
is the first reported trimer molecule in 4d and 5d materials. So far, one pyrochlore oxide,
Y>;Mo;07 (Mo**, d%), which exhibits spin glassy behaviour [262, 263], has been discussed to
host disordered Mo, dimers [264]. The glassy behaviour has been attributed to freezing of one
of the many degenerate dimer arrangements on the pyrochlore lattice, however it still remains
under debate. Recently it has been proposed that the glassy behaviour can be attributed to
freezing of one of the many degenerate 2-in-2-out Mo** magnetic moment (instead of dimer)
arrangements, and the associated distortion occurs due to giant magnetoelastic coupling
(lattice following spin) [265]. While Y;Mo0,05 is a peculiar pyrochlore with Mo, dimers and
structurally might be somewhat relevant here, its behaviour is rather different from that
of In,Ru,0;. The Mo, dimers are associated with short Mo-Mo bonds, where the Mo-O-
Mo angle decreases to 116° as likely the bridging O atom is pushed away by the two Mo
atoms moving closer to each other. The Mo-O-Mo angle is discussed to scale the magnetic
exchange interaction that is related to the 2-in-2-out configuration [265]. In contrast, the
Ru-Ru distances do not seem to play a significant role in In;Ru;0O;. Instead, the short Ru-O
bonds and the Ru-O-Ru angle, which increases to ~ 155° along the short Ru-O bonds, lead to

formation of non-magnetic Ru,0 trimers.

5.5 Conclusion

InyRu,07 therefore offers a unique playground where subtle competition between spin-orbit
coupling, crystal field, inter-site hopping and In-O bond covalency takes place. Despite the
strong non-cubic crystal field, the spin-orbit coupling remains relevant and a spin-orbital
entangled singlet state is stabilised. With decreasing temperature, the spin-orbital entangled
state does not survive in In,Ru,07 due to the effect of In-O bond covalency on the Ru-O
network. The In-O hybridisation induces distortion and disproportionation of covalent In-
O bonds, which in turn generates formation of semi-isolated Ru,O trimers. In;Ru,Oy7 is
the first 4d material with molecular orbital formation involving the O®~ anion, where spin-
orbital entangled state magnetism is destroyed by the covalent A-O bond. This implies that
covalent A-O bonds are an interesting player in competition with other interactions and can
render different exotic electronic states depending on the selection of the crystalline lattice.
Therefore, 4d materials with A-O bond covalency are a fascinating playground for exploring

the competition between J.g-pseudospin magnetism and molecular orbital formation.






Chapter 6

Conclusion

Transition metal compounds containing heavy 4d and 5d elements serve as a platform for
exploration of novel electronic states. As spin-orbit coupling becomes large in those materials,
novel states of matter have been predicted such as quantum magnet, Kitaev spin liquid,
excitonic magnet, Weyl semimetal or topological Mott insulator. While spin-orbital entangled
states can be stabilised in a variety of materials, other interactions are present on the same
energy scale as spin-orbit coupling, such as correlation, intersite hopping or non-cubic crystal
field. Therefore the class of heavy-transition-metal materials can stabilise or be tuned towards
other exotic electronic states such as non-magnetic orbital molecule investigated here. Such
tuning can be achieved by varying temperature, pressure or chemical substitution.

Here, we demonstrate that the J.¢ = 1/2 magnetism in a Kitaev material f-Li,IrO3 can be
destroyed by application of external pressure. At high pressures, -Li;IrO3; forms short Ir-Ir
bonds and exhibits a non-magnetic molecular orbital state along the dimers. Such competition
between dimers and spin-orbital entangled magnetism seems to be a universal feature of
Kitaev materials.

We also tested the stability of J.g = 1/2 state against trigonal crystal field in pyrochlore iri-
dates with large distortion. We found a new compound In,Ir,O7, which is a unique pyrochlore
iridate as it hosts a nearly pure J.¢ = 1/2 state despite the non-cubic crystal field. Our band
structure calculations indicate that intersite hopping plays a central role in mixing of the
Jefr states, which is quite large in other pyrochlore iridates. However, what makes In,Ir,O;
unique is the covalent A-O bond, which by hybridising with the Ir-O reservoir reduces the
intersite hopping and Jeg = 1/2-Jo¢ = 3/2 hybridisation. Therefore, the covalent A-O bond is
one possible recipe for stabilising a nearly pure spin-orbital entangled state.

Finally, we explored the interplay of spin-orbit coupling, non-cubic crystal field and A-O
bond covalency in newly discovered pyrochlore ruthenate In,Ru,;O;. We find that at high
temperatures, while the non-cubic crystal field splits and mixes the Jo states, it fails to fully
quench orbital moments, and a spin-orbital entangled singlet is rendered as the ground state.
With decreasing temperatures however, In,Ru;0; undergoes several structural transitions

which largely modify the electronic structure, and the spin-orbital entangled singlet does



not survive. The crystalline lattice strongly distorts, and some Ru-O-Ru angles increase from
~ 125° to nearly ~ 160°, which brings the Ru-O-Ru link close to the 180° bond geometry. As a
result, semi-isolated non-magnetic Ru,O units form on the pyrochlore lattice, serving as a
first example of a non-magnetic orbital molecule involving the O?~ anion on top of pyrochlore
lattice. The distinct behaviour of In;Ru,O7 as compared to other pyrochlore ruthenates is
believed to be caused by the bond disproportionation of the covalent In-O network.

Several issues remain to be addressed for the materials studied here. First, it would be
of interest to determine the magnetic order of In;Ir,O; in order to elucidate the influence
of In-O bond covalency on the magnetic exchange couplings. For the case of new material
In;Ruy07, many aspects still remain a mystery due to its complicated behaviour. The crystal
and electronic structure of the observed intermediate phases is yet to be solved, and once
determined it could shed light on the driving force of the ground state. Furthermore, the
role of In-O covalency in the structural transitions is not entirely clear. In addition, the stark
difference between In,Ir,O7; and In,Ru,07 requires further explanation which could not be
given here. It would be interesting to explore other new 4d and 5d magnetic pyrochlore or other
materials comprising the In®* atom, such as In,Mo;07 or In,Os,0. Materials containing other
constituent non-magnetic A cations with covalent A-O bonds are also worthy of investigation.

This thesis demonstrates that transition metal compounds, where strong spin-orbit cou-
pling competes with other electronic parameters, offer a plethora of exotic electronic phases.
By selection of electron count, crystalline lattice and energy scales one can tune the ground
state between spin-orbital entangled states, orbital ordering or orbital molecules. A-O co-
valency of constituent non-magnetic cation has been proven to be an important player in
stabilisation of both spin-orbital entangled and orbital molecule phases. In particular, explo-
ration of new compounds provides exciting new systems with a new story to tell and new

questions to ask.



Appendix A

Structural aspects

Properties of TMOs largely depend on the arrangement and connectivity of the constituent
atoms, that is, on the crystal structure comprising ligand anions, transition metal B and
constituent cations A. Known crystal structures can be considered as arrangements of building
blocks of simple metal oxide polyhedra, such as octahedra or tetrahedra. The ionic radius
of O anion is larger (~ 1.3-1.4 A) than that of transition metal cations (~ 0.5-1.2 A) [266].
Therefore, one can consider first packing of the larger O anions, where the produced voids
are then occupied by the smaller transition metal cations. The packing of highest efficiency is
cubic closed packing (CCP, also known as face centred packing FCC) and hexagonal cubic
packing (HCP). Many types of lattices can be derived from the FCC packing of O atoms which
hosts octahedral and tetrahedral voids, as demonstrated in Fig. A.1(a).

If one fills all the octahedral voids, a rocksalt structure adopted by NaCl or CoO is produced
(Fig. A.1(b)). In Fig. A.1(d), one can obtain the honeycomb structure from the rocksalt which
is discussed in the next section. One can also modify the O FCC lattice in another way. If
one replaces 1/4 of the O atoms by A atoms, 3/4 of all octahedral voids are annihilated. Then,
by filling the remaining 1/4 of the octahedral voids with B one obtains ABO3; perovskite as
illustrated in Fig. A.1(e). If one then separates the 2D layers of octahedra in the ab plane, a
layered perovskite is produced A;BO4 shown in Fig. A.1(f). Intermediate structures between
the ABO; and A;BO, exist with the generalised formula A,,;1B,,03,+1 dubbed the Ruddelsden-
Popper series [267], where n denotes the number of single corner-sharing layers (for perovskite
and layered perovskite n = co and n = 1, respectively).

The famous frustrated spinel structure AB,;Oy is also based on the O FCC lattice and is
generated by filling 1/2 of the octahedral voids with B atoms and 1/8 of the tetrahedral voids
with A as demonstrated in Fig. A.1(g). B cations form corner-sharing tetrahedrons, that is,
the pyrochlore network, with edge-sharing B-O;-B link. There is another famous pyrochlore
network A;B;07 with corner-sharing B-O-B link, however, as discussed below, it has to be
built from combined FCC and primitive cubic (CP) packing of cations and anions, respectively.

Another type of lattice is hyperkagome lattice A4B30g, which is a three-dimensional

version of frustrated kagome lattice of B atoms consiting of corner-sharing triangles shown
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can be generated by replacing 1/4 of the O anions forming the FCC lattice in (a) with constituent atoms
A, which removed 3/4 of V°!. The remaining V°" are filled with B atoms. It can also be understood as
a modification of the rocksalt structure, where every other B is removed in a checker board fashion,
which leaves uncoordinated O atoms replaced by A atoms. (f) Layered perovskite A;BO, structure, a
two-dimensional version of the perovskite in (e). Caption continued on the next page.




B Figure A.1. Caption continued from the previous page. (g) Left: Spinel AB,O, structure obtained by
filling 1/2 of octahedral voids with B and 1/8 of tetrahedral voids with A. A pyrochlore network with
edge-sharing BOg octahedra intercalated by AO, tetrahedra is generated. Right: The B pyrochlore
lattice (shown in thick black line) with B-O,-B edge-sharing link shown. (h) Hyperkagome A4B;0g
structure is a derivative of the rocksalt structure, as all A and B atoms occupy octahedral voids in
(a). However, the hyperkagome network of B atoms can be seen as a modification of the pyrochlore
network in the spinel in (g), where one of four B sites on each tetrahedron is replaced with A atom
(top, hyperkagome network shown in dark blue). In addition, some A vacancy (bottom) is introduced.
(h) The 2-dimensional kagome lattice, the parent of 3-dimensional hyperkagome lattice.

in Fig. A.1(g). The hyperkagome structure is a derivative of the rocksalt structure, however
the network of B atoms can be understood as a pyrochlore lattice stripped of one atom in

each tetrahedron as shown in Fig. A.1(h).

Honeycomb and hyperhoneycomb lattice

Honeycomb a-A;BOs lattice is a superstructure of a rocksalt structure. In the parent rocksalt
structure AO, the cations are arranged in face-centred cubic packing while the anions fill all
the octahedral voids (or vice versa), corresponding to 4a and 4b WyckofT sites in the Fm3m
space group, respectively. Each cation is coordinated by six anions rendering edge-sharing
AOg octahedra as shown in in Fig. A.2(a). The AO Fm3m structure has only one degree of
freedom, the unit cell parameter. The honeycomb superstructure can be constructed by first
introducing occupational disorder in the rocksalt via inserting a new cation A onto the 4a
site, resulting in Ay/3B;/30, chemical formula. Subsequently, the disorder can be lifted in a
number of ways [268].

In Fig. A.2(c), the B cation appears only in every other layer along the ¢ axis. Within the
~ AB; layers, the A and B cations order such that they form inter-penetrating triangular and
honeycomb lattices, respectively. As a result, the B sub-lattice form a semi-two-dimensional
honeycomb lattice comprising edge-sharing BOs octaherda, where the honeycomb voids are
occupied by the A cations and the layers are separated by the A cation. Such ordering reduces
the symmetry from cubic Fm3m to monoclinic C2/m with a monoclinic angle of § ~ 110°
(Fig. A.2(b)). The lowering of symmetry to monoclinic gives many additional degrees of
freedom as evident from split C2/m sites in Table A.1, which results in distortions of the BOg
octahedra and deviations from the ideal 90° bond geometry in real honeycomb materials.

Another way of lifting the disorder induced in Fig. A.2(a) is formation of an arrangement of
A and B cations shown in Fig. A.2(d), where the B cations form a three-dimensional analogue
of the honeycomb network called the hyperhoneycomb f-A;BOs. Similarly to the honeycomb,

the reduction of symmetry allows distortions as evident from Table A.1. Each B cation has



W Figure A.2. (a) The crystal structure of AO rocksalt with space group Fm3m and a ~ 5A with
occupational disorder. (b) The illustration of the unit cell transformation from rocksalt into honeycomb
(C2/m) and hyperhoneycomb (Fddd) structures. (c) The honeycomb structure with only BOg octahedra
shown. (d) The hyperhoneycomb structure with only BOs octahedra shown.

three B cation neighbours, and hence the local environment of the BO4 octahedron in the

hyperhoneycomb network is the same as that found in the honeycomb network.

Pyrochlore lattice

Cubic pyrochlore A;B,07 is a superstructure of a simple fluorite adopted by CaF; or ZrO,.
In the parent fluorite structure AO,, the cations form face-centered cubic packing while
the anions fill all the tetrahedral voids, corresponding to 4a and 8c Wyckoft sites in the
Fm3m space group, respectively. Each cation is coordinated by eight anions rendering edge-
sharing AOg scalenohedrons as shown in Fig. A.3(a). Like the rocksalt structure, the AO,
Fm3m fluorite has only one degree of freedom, the unit cell parameter. One can introduce
occupational disorder of A and B cations on the 4a site and oxygen vacancy in the 8c site
depicted in Fig. A.3(a). One way of ordering the cations is ABABAB... pattern of alternating
A and B chains which are stacked with a rotation of 90°, resulting in quadrupling of the unit
cell into the space group Fd3m in Fig. A.3(a). The arrangement of A and B cations gives
two inter-penetrating corner-sharing tetrahedral networks, known as the fully frustrated
pyrochlore lattice (Fig. A.3(c)), which can be also viewed as layers of kagome and triangular
lattices (Fig. A.3(b)). The 8c oxygen site splits into three sites: 8-fold 02, 8-fold vacancy Vo
and 48-fold O1. O2 and Vo form dumbbell units O2-A-O2 and V-B-V on top of the original



m Table A.1. Comparison of structural parameters of rocksalt, honeycomb and hyperhoneycomb.

Rocksalt AO, Fm3m, Z = 4,ag ~5A

Atom Site x y F4 g
A 4a 0 0 0 1
O 4b 1/2 1/2 1/2 1

Honeycomb a-A;,BO3, C2/m, Z = 4
a,c ~ (\/13/4)ag, b ~ (3V2/2)ag, f ~ 109°

Atom Site x y z g
Al 2a 0 0 0 1
A2 2d 0 1/2 1/2 1
A3 4h 0 y 1/2 1
B 4g 0 y 0 1
01 4i x 0 z 1
02 8j x y z 1

Hyperhoneycomb f-A,BOs, Fddd, Z = 16
a~ (3V2)ag, b ~ (V2)ag, ¢ ~ 2ag

Atom Site x y z g
Al 16g 1/8 1/8 z 1
A2 16dg 1/8 1/8 z 1
B 16g 1/8 1/8 z 1
01 16e x 1/8 1/8 1
02 32h x y z 1

scalenohedrons, reducing the coordination of the B cation from 8 to 6, which in reality is
usually smaller than the A cation. The B cation is coordinated by O1 atom only, while the A
cation is coordinated by six O1 atoms and two O2 atoms. If one maps the atomic positions in
the Fd3m child structure from the Fm3m parent structure, the BO4 octahedron is extremely
trigonally compressed (Fig. A.4(a)). This extreme distortion is lifted by the new degree of
freedom gained in the symmetry reduction, which is the O1 x fractional coordinate (Table A.2).
Since the O1 atom coordinates both A and B atoms, x = 3/8 for an ideal AOg scalenohedron
and x = 5/16 for an ideal BO4 octahedron, and real pyrochlore materials adopt a value of x
between the two, rendering both polyhedra inevitably distorted to some extent. For clarity,
this distortion will be parameterised by the deviation from the ideal x, value, Ax. We set
x. =5/16 and Ax = x — x, = x — 5/16.

The value 5/16 < x < 3/8 reduces the trigonal compression of the BO4 and increases the
A-O1 bond length. As a result, the shorter A-O2 bonds form an anticrystoballite-like lattice
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B Figure A.3. (a) From left to right: the crystal structure of AO, fluorite with space group Fm3m and
a ~ 9.9884(4) A, disordered fluorite with chemical formula A; /2B1/207/4 with oxygen vacancy, ordering
of the disordered fluorite results in Fd3m pyrochlore structure. (b) Pyrochlore lattice can be viewed
alternating layeres of kagome (shown in purple) and triangular lattice. (c) Interpenetrating pyrochlore
networks of A and B cations.

comprising O2-A-O2 dumbbell units as depicted in (Fig. A.4(b)). Effectively the A;B,0O7 can be
viewed as a combination of a B,(O1)¢ sub-lattice and A,(O2) sub-lattice. The B5(O1)g network
comprises corner-sharing trigonally compressed BOg octahedra, where the axis of trigonal
compression is aligned with the local (111) axes of the B tetrahedra as shown in (Fig. A.4(c)).

Usually, the smaller the A cation, the less distortion the AOg polyhedron is able to accom-
modate, increasing x and hence increased trigonal compression of the BOg octahedron. The
more trigonally compressed the BOg octahedron is, the smaller the B-O-B angle is. This is
seen in the well-studied family of pyrochlore stanates A3*Snj*O; (Fig. A.5). It appears that
the A-O1 bond length is affected more than those of A-O2 and Sn-O1. The Sn-O1 bond length
shows little variation with Ax and r,, which is due to the counter-acting effects of shrinking

lattice parameter and increasing trigonal compression.
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m Figure A.4. (a) The AOg scalenohedron and BOg octahedron share edges. For the O1 position mapped
from that of a disordered fluorite, the BOg¢ octahedron is extremely trigonally compressed. As a
result, O1 is displaced in order to reduce the trigonal compression of BOg, which in turn distorts the
AOQg scalenohedron from the ideal cube. (b) The O2-A-O2 bonds form anticrystoballite-like network
penetrating the hexagonal holes of the B,(01)¢ network. (c) The geometry of the B,(O1)s network. The
axis of the trigonal compression is aligned with the (111) direction of the B tetrahedra. For x = 5/16
and x = 3/8 the B-O-B angle is ~ 141° and ~ 109°, respectively.

m Table A.2. Comparison of structural parameters of fluorite and pyrochlore.

Fluorite AO,, Fm3m, Z =4, ar ~5A

Atom Site x y z g
A 4a 0 0 0 1
O 8c 1/4 1/4 1/4 1

Pyrochlore A;B,O7, Fd3m, Z = 8, a ~ 2aF

Atom Site x y z g
A 16d 1/2 1/2 1/2 1
B 16¢ 0 0 0 1
01 48f 5/16 < x < 3/8 1/8 1/8 1
02 8b 3/8 3/8 3/8 1
Vo 8a 1/8 1/8 1/8 1
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Appendix B

Band structure calculations of pyrochlore
iridates A2Ir207

Here, more detailed results of LDA+SOC band structure calculations for pyrochlore iridates
Aylr,O7 for A = Lu, In, Y and Pr are shown below in Fig. B.1 and Fig. B.2. The bandwidth
and the weight of J5/; and J5/, is similar for A = Lu, Y and Pr. Therefore, it appears that the
trigonal compression of IrOg and Ir-O-Ir angle have little effect on the bandwidth and the local
electronic states. The DOS and band dispersion of In,Ir,Oy is distinct from other pyrochlore

iridates, as the hybridisation with In flattens out the t,, bands around the Fermi level.
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m Figure B.1. Calculated band structure (left) and Ir 5d density of states (right) resolved into J = 5/2
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Jeff = 3/2 has both J = 5/2 and 3/2 components. This figure was created by Dr. Alexander Yaresko
and is used here with his permission.
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