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Preface

The present habilitation thesis summarises my six-year work on the topic of rare-
earth oxides crystallising in geometrically frustrated crystallographic lattices. The
thesis consists of a set of 17 relevant scientific publications I have authored and co-
authored, reprinted at the end of the thesis, and a unifying commentary forming
the thesis body, together with an introduction to our recent unpublished results.

During my Ph.D. studies and post-doc work at the Institute Laue-Langevin,
Grenoble, France, I have been mostly focused on conductivity and magnetism of
intermetallic rare-earth compounds. Commencing my academic career in 2017 at
the Department of Condensed Matter Physics (DCMP), Faculty of Mathematics
and Physics, Charles University, I completely changed the subject of main inter-
est to oxides crystallising in geometrically frustrated lattices, mostly rare-earth
A9 B>07 oxides. During the last six years, in cooperation with my students and
colleagues, 1 have established this exciting topic on the ground of the institu-
tion; also as a principal investigator and a co-principal investigator of the Czech
Science Foundation projects.

At present, world-quality samples, especially single crystals of AslroO7 iri-
dates and A5Zr,O7 zirconates, are synthesised at the DCMP and their structural
and electronic properties are studied at home laboratories, as well as at inter-
national large-scale facilities. Importantly, establishing a new scientific direction
at the DCMP allowed a broadening of its research field in recent years. Name-
ly, frustrated rare-earth oxides and fluorites or frustrated magnetoelectrics and
multiferroics are heavily studied at DCMP nowadays. The frustrated magnetism
group, previously non-existent, is currently the largest group at the DCMP, su-

pervising about half of students at the department.
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1. Introduction and state of art ¥

The present work is an overview of the original results attained by the author with
a primary focus on rare-earth geometrically frustrated systems. In the course of
the author’s six-year work, the scientific topic was established at the home insti-
tution by securing all: (i) synthesis methods and routes for preparation of world-
quality (large and stoichiometric) powder and mainly single-crystalline samples;
(i) ways to investigate their structural, phase, and bulk properties; (iii) access to
the large-scale facilities to study their microscopic properties - local structures,
magnetic structures, lattice and magnetic excitations (dozens of experiments in
last five years); and (iv) collaborations with colleagues in the Czech Republic
and abroad contributing to the field by both experiment and theory, resulting
in joint studies. Each point had represented a non-trivial task and significant
effort had been dedicated to each of them. Sample synthesis of A3B,0; (A =
rare-earth element, B = d- or p-electron element) oxides had never been done
at the Department of Condensed Matter Physics (DCMP) and Charles Universi-
ty. Simultaneously, there had been no experience with the investigation of these
materials and frustrated oxide systems’ physics in general.

The author commenced the work on the below-described systems after setting
up at the DCMP arriving from his post-doctoral stay at the Institute Laue-
Langevin, Grenoble, France, in 2017. He changed his main focus of interest,
previously being the physics of rare-earth intermetallics, and began building a
group concentrating on systems with geometrically frustrated lattices and strong
spin-orbit coupling; also in the course of his Czech Science Foundation project.
The new scientific direction attracted several colleagues from abroad joining the
DCMP, as well as bachelor, master and Ph.D. students. At present, the frustrated
magnetism group at the DCMP, previously non-existent, is the largest of the
department groups.

The submitted habilitation thesis illustrates the exciting route of the author
and collaborators to attaining experience and expertise with synthesis, charac-
terisation, macroscopic and microscopic investigations, and interpretations of in-
triguing properties of two selected families of frustrated rare-earth oxides AsIraO7
and AsZr,O7. Although other frustrated systems have also been studied at the
DCMP, e.g., NaCdByF; with B = 3d-element, or AMgAl;; 019, the author focuss-
es only on the Ay BoO7 family of compounds in this thesis; as it is being the most
investigated series so far and to maintain a reasonable consistency and length of
the thesis.

The thesis is organised into seven chapters. The first chapter introduces the
geometrically frustrated systems and related physics, as well as A, B2O7 oxides
and their characteristics. It explains why these materials are interesting from the
fundamental research viewpoint and potentially important for applications. The
second chapter focusses on the synthesis of these materials, specifically the prepa-

ration of AslrsO7 and AsZrsO7 poly- and single crystals. Chapter 3 represents a



preview to our results on rare-earth pyrochlore iridate oxides, including macro-
scopic and microscopic data measurements and their interpretation, as well as
respective models. Chapter 4 is dedicated to our investigations of the zirconium
family, namely its bulk properties and average and local structures, depending
on rare-earth or Ti-Zr substitutions. The results are summarised in chapter 5,
together with the prospects of our work. Chapter 6 is formed by the list of
author’s publications related to the thesis’ subject with indicated author’s con-
tribution to individual publications, and linked with respective sections of the
thesis. These published manuscripts are attached to the thesis in chronological

order in chapter 7.

1.1 Geometrically frustrated systems Rl

The Nobel Prize in Physics for the year 2021 was awarded ” For groundbreaking
contributions to our understanding of complex physical systems” from the largest
scales, such as Earth’s climate, down to the microscopic structure and dynamics
of frustrated materials [I]. A proper understanding of the complexity of physical
systems in their broadest sense, from microscopic to macroscopic properties, is
essential for correct comprehension of their behaviour and prospective usage in
technical applications.

The concept of frustrated magnetism is defined by the inability of all mag-
netic interactions to be simultaneously satisfied in a specific material. Frustrated
materials have been profoundly studied since the 1950s, when the systems with
antiferromagnetically coupled Ising moments on the triangular lattice revealed a
different behaviour from isostructural ferromagnets or bi-partite antiferromagnets
[2]. Since then, frustrated magnetic systems have attracted an ongoing attention
of the scientific community due to the variety of competing magnetic ground
states. Systems with 3d metals have been intensively studied (numerous publi-
cations). Systems with heavier magnetic elements were studied less intensively
in the past. Nowadays, these systems attract well-deserved attention also due to
strong spin-orbit coupling (SOC), which may imply strong anisotropy of magnetic
interactions, and reinforcing the magnetic frustration (e.g. [3, 4]). Some materi-
als are magnetically ordered at low temperature, but there are also magnetically
disordered /frustrated ground states down to the lowest temperature. Among
others, we highlight the classical spin liquid, quantum spin liquid, spin ice, and
spin glass states [5l 0] [7, §]. For example, the spin-ice state, the arrangement of
magnetic moments analogous to the bonds in water ice [6], can host magnetic
monopole-like states and Dirac strings. The quantum spin liquid state, defined
by the entanglement of spins without any long-range magnetic ordering down
to zero temperature, is proposed to host fractionalised Majorana-fermion quasi-
particle excitations [9 [I0]. Both are highly relevant for (topological) quantum

computating applications.



(a) triangle (b) square

(c) tetrahedron

Figure 1.1:  Geometrical frustration introduced on examples of triangle (a),
square (b), and tetrahedron (c); antiferromagnetic interactions between Ising

moments are schematically shown.

The frustrated magnetism is tightly bound to the geometrically frustrated
crystallographic lattices. Among a variety of geometrically frustrated and quasi-
frustrated lattices, we mention the most important ones: triangular, square,
hyper-kagomé, and pyrochlore lattices. For illustration see Fig. [1.1]

The equilateral triangular lattice with vertices occupied with magnetic ions
and Ising magnetic moments governed by antiferromagnetic correlations repre-
sents a simple 2D frustrated lattice. Two moments align antiparallel; however,
the third moment cannot simultaneously satisfy the condition that it is antipar-
allel to both other moments. The lattice can be formed by edge-sharing triangles
or corner-sharing triangles, the so-called kagomé lattice. The triangular lattice
consists of well-separated layers of triangles. Considering only nearest-neighbour
antiferromagnetic interactions, the lattice harbours the so-called 120-degree phase
as the magnetic ground state [I1]. Importantly, exciting the moments by an ap-
plied magnetic field could lead to a variety of induced magnetic phases, including
the so-called $-magnetisation plateau or the umbrella phase [12]. Recent the-
oretical studies predict that anisotropic interactions among spins could lead to
quantum spin-liquid phases [13, [I4]. The kagomé lattice with corner-sharing tri-

angles could also harbour many complex states, including superconductivity and



(a) AIAO (b) 2120 (c) 3110
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Figure 1.2:  Selected types of arrangement of magnetic moments on the py-
rochlore lattice. Two tetrahedra with Ising moments along local [111] directions
are shown. All-in-all-out (AIAO) structure (a); two-in-two-out (2120) structure
(b); and three-in-one-out (3110) structure (c) are depicted.

charge-density-wave order [15, [16], [17], or chiral magnetic order [I8] 19 20].

Frustration of magnetic moments on the square lattice origins in two non-equal
antiferromagnetic pathways between nearest- (along the edge of the square) and
next-nearest neighbours (along square diagonal) and the competition of interac-
tions. The ground state of the material is dictated by dominating interaction;
that is, Néel antiferromagnetic order for dominant nearest-neighbour coupling
and columnar order for prevailing next-nearest-neighbour interaction. Recently,
experimental studies showed a long-predicted quantum spin-liquid state in spin—%
Heisenberg square-lattice antiferromagnets on the border between the Néel and
columnar phases |21} 22], 23].

Considering the 3D systems, canonical examples of frustrated lattices are the
pyrochlore and hyperkagomé lattices. A hyperkagomé lattice is formed by corner-
sharing triangles, similar to the 2D kagomé lattice; however, not in the plane, but
in the space. The antiferromagnetic interactions among magnetic moments on
the hyperkagomé lattice lead to 3D magnetic frustration. A quantum spin-liquid
state has been recently reported in several materials that adopt this structure
[24, 25]. Moreover, first steps to study and realise spin-orbit driven quantum
phenomena have been taken in a few systems [20].

The pyrochlore lattice is formed by corner-sharing tetrahedra and is described
in detail in section of this thesis. When the lattice is adopted by magnetic
ions, it can lead to the frustration of magnetic moments in both the isotropic
Heisenberg antiferromagnet and the Ising limit. Antiferromagnetic interactions
between Ising-like moments could result in a double degenerate ground state
with four moments on the tetrahedron pointing all out or all in, the so-called

all-in-all-out magnetic structure (AOAI) [27, 28]. See Fig. for illustration.



Ferromagnetic interactions, on the other hand, lead to the ground state governed
by the so-called ice rule [29]. In analogy with hydrogen and oxygen ions in
water ice, two moments on the tetrahedron point in and two moments point
out, that is, the two-in-two-out (2I120) arrangement of moments [7, 30, 31]. The
degeneracy of the ground state (6-times degenerate) is higher than in case of ATAO
(2-times degenerate), as all combinations of 2120 moments arrangement in the
tetrahedron are enabled. The application of an external magnetic field can lift the
degeneracy, resulting in magnetic ordering without symmetry-breaking (the first-
order transition). Importantly, spin configurations tunnel between themselves
through thermal or quantum fluctuations and form classical or quantum spin
liquids [32]. Even the magnetic monopole-like state consisting of three moments
pointing in and one moment pointing out of the tetrahedron, 3110 configuration,

can be induced and influenced by the external magnetic field [33].

1.2 AyB,0; oxides (A = rare-earth, B = d- or

p-electron element) q

One of the most investigated geometrically frustrated systems, e.g., perovkites,
spinels, volborthite, herbertsmithite, etc., is a broad family of the A, BoO7 oxides
(A = rare-earth element, B = d- or p-electron element). The complex physical
properties of A;B;O7 are determined not only by the geometrically frustrated
lattice hosting A and/or B cations with nonzero magnetic moment, but also by
mutual strengths and confluence of electron (Coulomb) correlations and spin-orbit
coupling (SOC; playing a significant role especially in heavy B elements), as well
as the crystal field acting on the cations. A delicate balance among interactions
could generate, in addition to various conducting states, topologically non-trivial
phases, e.g., the topological Mott insulator or topological band insulator, a Weyl
semi-metal state, and Fermi arc surface states [34], 35, B30, 37]. See Fig. for
an illustration. Depending on the magnetic A and B elements, the exchange
interactions and the f-d exchange could lead to, e.g., anisotropy-tuned magnetic
order and properties [7, [38] or giant magnetoresistance [39].

Geometric frustration and competing spin interactions can also cause the
freezing of spins leading to spin-glass, or even spin-liquid states [5]. The term
spin liquid state is used for the system with distinct dynamics of (highly) correlat-
ed non-ordered spins fluctuating down to the lowest temperature. The so-called
spin-ice state, representing the arrangement of magnetic moments on the lattice
analogous to the bonds in water ice [6], can host magnetic monopole-like states
and Dirac strings. That is, two moments point in (short bonds in water ice) and
two moments point out (longer bonds in water ice) of the pyrochlore tetrahedron
(Fig. ) By exciting the spin-ice, the moments’ arrangement changes into

three moments pointing in and one moment pointing out of tetrahedron (3110
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Figure 1.3: Schematic diagram of electronic states varying relative strength of
spin-orbit coupling A and electron-electron (Coulomb) correlations U normalised
to the kinetic energy hopping ¢. The figure is adopted from and fully interpreted
in Ref. [34].

arrangement, or analogously 1130 arrangement; Fig. [1.2k). The tetrahedron
can be therefore viewed as a superposition of four moments with single moment
direction, that is, magnetic monopole-like state.

Furthermore, a fragmentation of the ground state, that is, a simultaneous
antiferromagnetic AIAO order and a Coulomb phase spin-liquid or spin-ice, was
proposed for several members of the series [7, B0]. Very recent studies evidenced
a coupling between magnetic monopole-like states on the A sublattice and anti-
ferromagnetic domains and domain walls of the B sublattice [33], paving the way

for the design of next-generation spintronic devices.

1.2.1 Crystal structures

The A; B,O7 oxides were repeatedly reported crystallising in two cubic variants:
pyrochlore F'd3m (space group n. 227) and defect-fluorite F'm3m (space group
n. 225), or orthorhombic Pnma (space group n. 62) structure [40]. Focussing
further on the cubic variants; defect-fluorite lattice is a disordered lattice with
A and B cations sharing single Wyckoff position (4a; frustrated fcc sublattice of
cations) and oxygen anions forming cubes around the A/B cations (8c position;
occupied by 7 oxygen anions). See Fig. for illustration. The pyrochlore
lattice, on the other hand, is a fully ordered lattice. A and B cations (16d
and 16¢ sites) individually form 3D networks of interpenetrating corner sharing
tetrahedra, providing the crystallographic basis for 3D frustrated magnetism (see
also Fig. [1.2)). Projecting the A and B layers along the cubic [111] direction, the



pyrochlore structure can be looked upon a system with alternating kagomé and
triangular layers. Oxygen anions reside in two Wyckoff positions (8b and 48f),
forming 8- and 6-coordinate cages around A and B cations, respectively.

The differences and interconversion from pyrochlore to defect-fluorite struc-
ture can be viewed from different perspectives: The cations that reside at two
crystallographically distinct sites of the pyrochlore structure (Wyckoff sites 16d
and 16¢) become disordered, occupying a single site in the defect-fluorite struc-
ture (4a). See Fig. to visualise the crystallographic sites. Oxygen anions

occupying the 48f site (coordinates: sy, %, %) of the pyrochlore lattice shift to
111
40 4 4
dinate); the oxygen anions located at two crystallographically distinct sites (48f

a higher symmetry position in the defect-fluorite lattice (8¢ with ( ) coor-

and 8b) and ordered oxygen vacancy at the virtual-Wyckoff site 8a of the py-
7

rochlore structure disorder onto a single g-occupied 8c site of the defect-fluorite
structure. The translational shift of the 48f oxygen to the higher symmetry tetra-
hedral void changes the cation coordination geometry from being eight-coordinate
and six-coordinate for the A and B sites, respectively, in the pyrochlore structure
to an average seven-coordinate for both A and B in the defect-fluorite struc-
ture. Both pyrochlore and defect-fluorite lattices are frustrated lattices; however,
different exchange pathway types and thus different magnetic exchanges are re-
alised. Moreover, the defects of the fluorite lattice influence the oxidation number
dramatically; a vacancy can lead to a change of the oxidation number of a part
of the cations, which strongly influences the metallic/insulating and magnetic
properties of the material, e.g., [41], [42].

The reported long-range ordered crystal structure of the rare-earth A, B0~
oxides is strongly dependent on the size ratio between A and B cations (r4/rp).
Demonstrating the dependence on zirconates A;Zr,0O7, they exhibit a cubic py-
rochlore structure at room temperature and pressure when the ratio is within the
range 1.48 < ry/ry < 1.63, that is, for A = La - Gd. AyZryO7 with 74 /1y, < 1.47,
that is, for A = Tb - Lu, the defect-fluorite structure was observed/postulated.
However, the true nature of the disordered defect-fluorite structure in several
Ay B507 oxides has recently attracted attention due to the discordance between
the local environment (total scattering, pair-distribution function (PDF)) and
space-averaged (Rietveld) analysis of the diffraction data, e.g., HooZr,O7 [43].
Analysis of diffraction data across different length scales shows that the average
cubic defect-fluorite structure is locally comprised of short-range presumably or-
thorhombic structural units. Both local and long-range structural considerations
are important to understand the magnetic and electronic properties of Ay ByO7
oxides. Indeed, a recent investigation [44] on the synthesis-dependent disorder in
nominal defect-fluorite ThoHf5O7 has promoted interesting physics with the ob-
servation of both Coulomb phase and spin-glass behaviour! Despite a high density
of structural disorder, the correlated phase is governed by the local structure rules
of pyrochlore, with the hallmark power-law correlations [44]. Furthermore, our

recent total neutron scattering (PDF) experiments showed that the local struc-
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Figure 1.4: Unit cells of cubic pyrochlore (a) and defect-fluorite structure (b).
7

The 8c position of the defect-fluorite structure is occupied by oxygen from g.
ture of the heavy A,Zr,0O7 cannot be adequately described by the defect-fluorite
model (see chapter EL section. Instead, a model consisting of lower-symmetry
structural units describes the experimental data well [45]. Future detailed struc-
tural studies of AsHf;0O5 series are also highly desirable, as this series is prone to
show qualitatively the same local structural correlations in average defect-fluorite
members. Moreover, the synthesis method and subsequent thermal treatment of
the samples can play a significant role in formation of global and local structure;
and they represent another research direction (tuning the material properties for
applications).

The inherent disorder and reduced geometrical frustration of the defect-fluorite
lattice (compared to the pyrochlore lattice) meant that the low-temperature elec-
tronic and magnetic properties of the respective A; BoO7 have been significantly
overlooked. However, instead of a sharp (space-average) border between the two
structural types, a smooth and continuous increase in (local) disorder should be
considered in the A5 B;0; family; that is, unconventional pyrochlore-like corre-
lated electron physics could be present in a nominal defect-fluorite lattice. More
generally, only a proper determination of the crystal structure and local structure
allows a correct explanation of the frequently complex and exotic states observed
in A3 B20O7 and generally in any material. Here, we also highlight possible tech-
nical applications of defect-fluorite materials, namely, AsZr,O;. These materials
are suitable for use in solid oxide fuel cells due to their high ionic conductivi-
ty [46, 47, 48, 49], as well as thermal barrier coatings [50], or as nuclear waste
storage elements [51]. To be utilised for these applications, a complete picture
of structural stability, defect energies, and transformation behaviour in various
environments is necessary; particularly for accurate modelling and prediction of
ionic conductivity pathways and activity, as well as for the determination of

crystal-structure - conductivity relationships.



1.2.2 Electronic properties

In addition to the structure stability and geometrical frustration, the magnet-
ic and electronic properties of the material are strongly influenced/dictated by
microscopic interactions. Electron correlations and spin-orbit coupling (SOC);
that is, interactions among individual atoms (their moments), and interactions
between electron spin and orbital angular momentum in the ion, respectively;
represent basic mechanisms staying behind a variety of physical phenomena. Rel-
ativistic SOC is considered a small perturbation to the overall properties of light
elements, but becomes rapidly stronger with increasing atomic number of the
element. Such a trend is well demonstrated in the d-elements. Only weak SOC
perturbations are present in compounds with lighter 3d elements, while for the
heavier 4d and 5d elements SOC starts to play a significant role in their electronic
properties and magnetic ground state formation. Simultaneously, the d-orbitals
become more extended with increasing atomic number, leading to a reduction
of the electronic repulsion and thus to a weakening of the electron correlation
effects. Consequently, both the SOC and electron correlations are expected to
have a similar strength in heavy elements (especially 5d elements), which leads
to a spectrum of complex physical phenomena: Weyl semimetal [35], topological
Mott insulator [37], axion insulator [52], spin-ice with monopole-like excitations
[6], or spin-liquid states [5]. See Figs. and [I.3] A strong SOC is, moreover,
a prerequisite for the spin Hall effect (SHE) and the inverse SHE; that is, the
control of a spin current in a material via a charge current and vice versa [53].
Crystallographic families with adequate symmetry conditions and a sizeable cor-
related SOC regime, hosting these phenomena, have been proposed, among them
the pseudo-cubic and planar perovskites [54, [55], spinel-related structures [56]
and Ay B>O7 pyrochlores.

Focussing further on the system relevant from the viewpoint of the present
thesis; Aslr,O7 iridates crystallise in pyrochlore type of cubic structure on global
and locale scales, as was very recently demonstrated also by our neutron diffrac-
tion (ND) and pair-distribution function (xPDF and nPDF) studies. Geomet-
rically frustrated lattice and SOC and electron correlations in AsIryO7; provide
a ground for a variety of complex conductive and magnetic properties (as dis-
cussed in the previous paragraph). Furthermore, the rare-earth (with magnetic
A3T cation) and Ir** cations/sublattices impact each other through f-d exchange,
leading to, e.g., fragmented magnetic states [7, 30], Ir-magnetic-ordering induced
A sublattice ordering (anisotropy-tuned magnetic order) [28], or phase compe-
tition between Ir-induced ordering and A-A exchange interactions [27]. On the
other hand, according to (our, see section studies, the transition temper-
ature (71,) and ordering of the Ir sublattice are negligibly influenced by the A
sublattice, at least at high temperature [57], and depend primarily on the A cation
size; see Fig. [1.5] Such smooth behaviour, mostly irrespective of the particular

magnetic and electronic properties of the A-site, has been attributed to the wide

10
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Figure 1.5: Phase diagram of A5Ir,O; compounds - development of the transi-
tion temperature of the magnetic ordering of the Ir sublattice 71, with the ionic
radius of rare-earth element A3*. Metal/nonmetal to insulator transition (MIT)

coincides with magnetic transition and is indicated as well. The diagram is adopt-
ed from Ref. [60].

tag-block bandwidth of iridium, resulting in strong 5d-orbital overlap with oxygen
ligand 2p-orbitals, and a strong sensitivity to structural changes (Ir-O-Ir bond
angle variation) associated with the lattice contraction [58]. That is, an applica-
tion of chemical pressure, and more apparently hydrostatic and uniaxial pressure
is bound to impact bond angles and lengths, and in turn, magnetic and electronic
properties of specific AsIr,O7 members [59].

The magnetic ordering of the Ir sublattice has been reported/proposed to
be all-in-all-out (AIAO) ordering (see Fig. [1.2h) in Aslr,O7, except A = Pr
member. The studies were based primarily on the powder neutron diffraction
experiments [27, 28], which are harshly limited by a small magnetic moment
(estimated < 0.5 up) and high neutron absorption cross-section of Ir. Although
the scientific community mostly accepted the ATAO structure of Ir, no or only
rather ambiguous signs of magnetic signal were observed for several members,
e.g., [61] or our recent ND study on newly synthesised A = Tm member (section
Ref. [62]). Importantly, applying a magnetic field along <001> (<111>)
direction has been expected/evidenced to overcome the exchange interactions,
and turn two (three) magnetic moments (in AIAO tetrahedra) point in and the
other two (one) point out, forming the 2120 (3110) configuration [63] (Fig. [L.2).
That is, spin-ice and magnetic monopole-like states can be induced by applied

magnetic field.
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Concomitantly with magnetic ordering of the Ir sublattice, below T7,, AsIraO7
undergo a transition from metal/semi-metal/semiconducting to an insulating
state (MIT) [35, 57]. See Figs. and [L.5| Again, the transition is strongly
influenced by the A or Ir substitutions and the application of external pressure
[64, [65]; mainly due to the tuning of Ir-O-Ir bond lengths and angles, which
modulates the valence-electron bandwidth and therefore the effective correlation
strength. Recently, a strong electron-phonon interaction was evidenced in A = Eu
member [66]; that is, the Ir-O-Ir bond bending vibration is strongly coupled to a
continuum composed of spin, charge, and orbital excitations via a confluence of all
three mechanisms. Furthermore, the electronic/conducting properties have been
postulated to be significantly different in the domain walls, boundaries between
ATAO and AOAI domains: The ATAO magnetic insulator is considered to have
the magnetic order tied to its insulating property. Therefore, as the magnetic
order is disturbed in the domain walls, the conducting properties are influenced
as well [33], 63, 67], opening new opportunities to study topological conductive
states. See chapter |3|and mainly section for details and proposed mechanisms
staying behind these properties.
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2. Synthesis of rare-earth A9B50~

compounds hl
Introduction to publications: [1, 2], [6, [7], O}, 13}, 15}, 16}, and

A significant attention has been dedicated to A BoO7 oxides in recent years; where
A stands for a rare-earth element and B is a p- or d- element. Numerous studies
have reported mechanical and physical properties of many members of this broad
family (see section . However, many previous studies were severely limited by
the quality of investigated samples and lack of single crystals, especially in case
of B = Mn, Ir, Pt, or Pb members. Numerous attempts have been performed to
synthesise good-quality, and importantly, stoichiometric samples:

Polycrystalline samples from the A;B;O7; family are frequently prepared by
standard solid state reaction of constituent elements and/or oxides [68], while sin-
gle crystals of these materials are grown using hot-floating-zone technique either
from polycrystalline precursor [69] or a mixture of initial materials [70, [7T], [72].
Many A; B2O7 melt congruently [73], enabling a synthesis of large single crystals.
However, high reaction and/or melting temperature of some A and B elements
or oxides could complicate the growth, bringing considerable requirements on the
laboratory instrumentation. E.g., ZrO,, frequently used as an initial oxide for
synthesis of A;7Zr,07 zirconates, has a very high melting temperature of 2715 °C
and is chemically stable on heating [74]. Therefore, synthesising AsZr,O7 materi-
als via direct melting of initial reactants requires heating power and capacities of
preparation furnace going beyond standard capabilities of laboratory kilns [71].
Nevertheless, also melt-free methods can be utilized for synthesis of these com-
pounds, including co-precipitation reaction and sol-gel method [75]. The growth
of other A3 BoO; must be stabilised by various chemicals to enable a growth of
desired compositions [76].

Another difficulty arises from the low vapour pressure of some constituent
elements and oxides, preventing the synthesis under ambient conditions. The
application of high pressure in a closed reaction vessel is required to produce a
polycrystalline Ay BoO7 samples with B standing for Pb [77], Pt [78], V [19] or
Mn [80]. Hydrothermal synthesis method, where the reaction vessel contains an
aqueous solution of starting materials and mineralizing agent (e.g. KOH), also
enables crystallisation of some A;B;07 at lower temperature [8I]. To prevent
evaporation of material or its components from initial mixture a proper dissol-
vent/flux, e.g. KF or CsCl [61, [76], can be used as well.

Establishing a successful preparation route applicable to a specific material
is a non-trivial task and requires considerable experience and experimental ef-
fort. In this chapter, we focus on the preparation of rare-earth A;Ir,O7 iridates

and AsZr,O7 zirconates in polycrystalline and single crystalline form. Sever-
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al methods were employed: the solid-state reaction of stoichiometric and non-
stoichiometric mixtures of oxides, synthesis from flux using CsCl, KF and PbF,
as a solvent, hydrothermal synthesis employing various solvents, hot-floating-zone
method, and Czochralski method of growth. Synthesised samples were charac-
terised employing powder and Laue X-ray diffraction, electron microscopy, and in
many cases powder and Laue neutron diffraction, mapping their overall quality,

phase purity, and homogeneity.

2.1 Preparation of polycrystalline A5Ir,0- q
Introduction to publications: 2], [7]., 9}, and [16]

Polycrystalline A5IraO; compounds have been synthesised from initial A;O3 and
[rO, oxides employing three methods introduced in the following text. High pu-
rity constituent oxides (99.99% metal basis, AlfaAesar) were individually heated
up to 200 °C to remove the water, weighted, and thoroughly mixed in the desired
ratio. Reacted samples were investigated by means of powder X-ray diffraction
and electron microscopy after each synthesis process cycle. Powder diffraction
patterns were collected using a Bruker D8 Advance diffractometer and Cu K, ra-
diation. The patterns were analysed employing the Rietveld method and the Full-
Prof package [82]. An electron microscope MIRA, Tescan with a back-scattered
electron (BSE) detector and an energy dispersive X-ray (EDX) analyser were
used to examine the stoichiometry and homogeneity of the prepared oxides, as
well as the shape of prepared grains.

Selected good-quality samples were subsequently investigated employing a va-
riety of experimental techniques ranging from standard laboratory magnetisation
measurements through synchrotron radiation and neutron diffraction techniques
to inelastic scattering experiments in large-scale facilities. See chapter (3| for ex-
perimental details and an overview on the most important results. Further ex-
perimental and technical details are presented in respective publications.

In this section, the synthesis of polycrystalline samples from the A;Ir,O7 series
is demonstrated on A = Er member. The systematic mapping of the preparation
of EryIroO; compound enabled an optimisation of the entire synthesis process.
The optimised route has been utilised to prepare other rare-earth members of
the series. During last few years, A5IrsO7 compounds with A = Pr, Nd, Sm, Dy,
Ho, Er, Tm, Yb, and Lu have been synthesised and characterised in the home

laboratory.

2.1.1 Solid-state reaction

The solid-state reaction is a sample preparation method standardly used to syn-
thesise A; BoO7 materials at a temperature significantly lower than the melting

temperature of theirs or their respective precursor elements and oxides [68]. First,
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a stoichiometric ratio of EroO3 and IrOy oxides was reacted in a Pt crucible at
elevated temperature. The reaction was carried out in air for 12 hours at tem-
peratures ranging from 300 to 1200 °C. The reacted sample was ground and
inspected by X-ray diffraction. Subsequently, the sample was reacted at a higher
temperature and analysed again. Repeating this process, 10 diffraction patterns
at 10 temperatures were collected; see Fig. [2.1]

Several important observations were accomplished on the basis of X-ray diffrac-
tion patterns of sample reacted at different temperatures:

(i) The decomposition of iridium oxide is traceable already at 300 °C. Already at
such low temperature, elemental Ir patterns (space group Fm3m) are identified.
(ii) The broadness of the IrOy peaks (space group P4s/mnm) is explained by
the grains size of powder reactant. The sharpening of the IrO4 peaks is observed
at higher temperature, and could be modelled by the Scherrer formula [83]. The
crystallite size increases with increasing temperature, reaching 64(5) nm at 900 °C
(comparable to grain size of EryO3).

(iii) The mole fraction of iridium oxide decreases slightly, whilst no Erslr,O5
phase is formed up to, at least, 600 °C. The loss of IrO5 can be attributed to the
known disproportionation and loss of volatile iridium oxides [84].

(iv) At 900 °C, the pyrochlore EryIr,O; phase is formed. The mole-fraction of
this phase in the sample is 4.3(3)% after the 12-hour reaction time.

(v) A further increase in the reaction temperature causes a strong increase of the
ErsIraO7 fraction in the sample. The reaction is almost completed at 1100 °C,
when the amount of both IrO, and Ir in the sample is only 2.3(5)% (Fig. [2.1).
(vi) Increasing the reaction temperature to 1200 °C, EryIryO; phase decomposes.
As the volatile iridium oxides evaporate, only Er,Oj3 diffraction patterns (space
group Ia3) are measured.

Such observations, together with knowledge of the high melting temperature
and stability of EroO3(s) (melting point 2344 °C [85]), give evidence of an equi-
librium state between pyrochlore (ternary oxide) and precursory binary oxides,
with continuous evaporation of volatile Ir oxides, even at 1000 °C. Finally, at
1200 °C the increasing evaporation of volatile iridium oxides, which are in equi-
librium with EryIrsO7(s) and EraOs(s) causes the eventual complete conversion of
ErslryO7(s) back into Er,O3(s) (and evaporated IrO,(g)) to maintain the equilib-
rium condition. Alternatively, one can speculate about the possible evaporation
of ErylryO7. However, such an explanation is ruled out by the weight of the final
sample. The mass of the product reacted at 1200 °C was within an error of the
mass of EryO3(s) in the initial mixture.

Utilising the acquired experience, we attempted to optimise the synthesis pro-
cess. Excess IrO, was added to the content and the non-stoichiometric mixture
was reacted at 1000 °C. At this temperature, the ErylroO; phase is formed and
its decomposition is reasonably low. A mixture of IrOy and EryOg3 in the 2.1:0.9
ratio was repeatedly ground and reacted for 12 hours in air. The X-ray diffrac-

tion patterns were collected after each reaction cycle. The pyrochlore phase was
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Figure 2.1: Powder X-ray diffraction patterns recorded on the ErslroO7 mixture
prepared by a solid-state synthesis (a). The pattern consists of several contribu-
tions: prepared compound Erslr,O7, initial oxides EryOsz and IrO,, and pure Ir
metal. The most pronounced peaks are marked to illustrate respective phases.
The molar concentration of individual phases dependent on the reaction temper-

ature is also shown (b). The figure is adopted from Ref. [86].

already formed during the first cycle with 25(3) mol.%. Besides the formation of
the pyrochlore phase, as previously observed, a partial decomposition of IrOs was
followed in the diffraction patterns. Further thermal cycling led to an increase in
the mole fraction of EryIroO7, and further decomposition and reduction of IrOs,.
By cycle 6, almost all the IrO, oxide was reacted/decomposed, and the ErylraO
fraction was maximal (48.2(7) mol.%). Additional thermal cycles did not improve
the sample, but instead a decomposition of the previously prepared ErsIroO; was
evidenced by the relative increase of the Er,O3 fraction in the sample.

The results of solid-state synthesis, both through the use of stoichiometric
and non-stoichiometric starting mixtures, suggest that phase pure ErslroO; py-
rochlore cannot be acquired by this method. An additional excess of IrOs in the
initial mixture, fine control of reaction temperature and time, careful analysis
of the reacted sample, all significantly improved the quality of the final materi-

al. However, a decomposition of IrOs cannot be prevented, and the Ir product
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(although very minor) remains stable up to the temperature at which Erslr,O5
decomposes. The combination of an off-stoichiometric mixture solid-state reac-

tion and other techniques may be considered.

2.1.2 Hydrothermal synthesis

Simultaneously with attempts to synthesise EryIroO7 by solid-state reaction, the
endeavours to prepare it by means of lower-temperature hydrothermal synthe-
sis were performed. Hydrothermal synthesis is the preparation method, when
a mixture of initial oxides is closed within a hermetically sealed reaction ves-
sel, together with an aqueous mineralisation agent(s), and thermally treated. A
standard polytetraflourethylene (PTFE) liner was filled in a stainless steel au-
toclave reactor (Parr Instrument Deutschland) and heated in a laboratory oven.
The maximum available reaction temperature is limited by the softening temper-
ature of PTFE (220 °C). As the autoclave isolates the mixture from the outer
environment, no loss of constituent elements is expected, compared to the open
reaction vessel used for the synthesis employing a solid-state reaction. The in-
creased temperature and pressure in the aqueous environment are expected to
increase the mobility of the ions and aid the reaction and recrystallisation of a
mixture/compound. According to the dimensions of the reactor and the inner
content of 23 and 45 ml, the autogenous pressure was estimated to vary between
1 and 3 MPa [87], depending on the exact volumes of individual reactants and
solution.

A stoichiometric mixture of initial oxides in individual mineralising agents
was reacted at a maximum autoclave reactor temperature of 220 °C for 12 days.
Although we tested a variety of mineralising agents and a significant amount of
time was dedicated to fully uncover the potential of hydrothermal synthesis in
the preparation of ErylroO7, the results do not indicate any direct path to the
preparation of a single ErslroO7 phase.

The first attempt at sample preparation was realised using the distilled wa-
ter without any additional mineralising agents. The resulting product did not
show any traces of the pyrochlore phase, constituting oxides were present and
16(2) mol.% of the additional Er(OH); phase was formed. Second, potassium
and sodium hydroxides, KOH and NaOH, which are traditional basic mineralis-
ing agents, were used. The aqueous solution of the hydroxides was prepared with
concentrations 1, 4 and 12 M and introduced into the reaction vessel. In addition
to the mixture of initial oxides, also attempts with a prereacted precursor with
about 50(2) mol.% were performed. Investigating the X-ray diffraction patterns
of the reaction products revealed no improvement of the EryIroO7 phase content.
Moreover, the presence of Er(OH)3 as an unwanted side product was detected. Its
amount increased from 50(2), to 54(2) and finally 56(3) mol.% for 1, 4 and 12 M
of KOH, respectively. The situation was similar in the case of NaOH, where no

increase of the pyrochlore phase was detected in any of the NaOH concentrations.
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The amount of side product Er(OH); was determined to be similar to that in the
case of KOH.

Third, hydrothermal synthesis was attempted using inorganic salt solutions as
the mineralising agent, trialling caesium chloride (CsCl), sodium fluoride (NaF),
and potassium fluoride (KF). The CsCl and NaF agents allowed an increase of the
pyrochlore phase by up to 8(2)% with respect to the original phase composition.
The KF agent had a more promising impact, with a 25(4)% increase in pyrochlore
phase content. Finally, we attempted the reaction employing inorganic acids
HNOj; and HCI as mineralising agents in aqueous solutions 1, 2 and 4 M with
prereacted precursor. A slight improvement of up to 10(2)% of the pyrochlore
content with respect to the precursor phase mixture was observed in the case of
HNO3. A smaller impact of HCI was revealed, with the resulting increase in the
pyrochlore phase content by 7(2)%.

The initial results achieved by using the aqueous solutions of fluoride salt
and inorganic acids as mineralising agents suggested a promise for hydrothermal
synthesis. However, additional reaction cycles did not lead to any significant re-
inforcement of the EryIroO; phase; additional modifications or repeating reaction

cycles did not provide a route to a sufficiently pure sample.

2.1.3 Flux method

Rather negative results employing the solid-state reaction and hydrothermal syn-
thesis of the initial Er,Os and IrO4 oxides in stoichiometric and off-stoichiometric
initial and pre-reacted mixtures motivated us to search for other preparation
methods. That is, the flux method of synthesis has been employed using an
inorganic salt CsCl as a solvent [61) [76]. The flux mediates the formation of
the pyrochlore phase and importantly protects the initial/reacted oxides from
(heavy) evaporation. The oxides, (partially) dissolved in the flux, are expected
to react and crystallise at a significantly lower temperature than in the case of a
solid-state reaction.

To properly map the synthesis using the flux method, we started again with
a stoichiometric mixture of Er,O3 and IrO, initial oxides. They were mixed with
the CsCl flux in a 1:2:50 ratio, respectively. Similarly to solid-state synthesis,
the mixture was placed in an open platinum crucible and reacted for 12 hours
at a temperature ranging from 700 °C to 1000 °C. After each reaction cycle, the
CsCl salt was cleared from the sample by dissolution in distilled water and the
powder was collected by centrifuging.

Carefully mapping the sample synthesis, depending on the reaction tempera-
ture, resulted in several important observations:
(i) At 700 °C, large (approximately 1 mm) black shiny pieces were found in
the mixture. The EDX analysis revealed no traces of erbium signal in these
large crystals, and only Ir and O were detected. Indeed, single crystal X-ray

diffraction confirmed that the crystal structure was tetragonal, with respective
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Figure 2.2:  Concentration development in ErylroO; sample synthesised using
the CsCl flux method. Concentration dependencies on reaction temperature (a)

and number of reaction cycles at 800 °C (b) are presented. The figure is adopted
from Ref. [86].

lattice parameters corresponding to IrOy phase [86]. In order to unambiguously
confirm that the synthesised single crystals are purely IrO,, the mixture was
divided into two parts depending on particle size (using a 40 pm sieve), and
investigated by powder X-ray diffraction. The analysis showed a high amount
of IrOy with good crystallinity in the courser part. The second part, being a
finer powder, contained a significantly lower amount of iridium dioxide, and the
diffraction patterns were dominated by ErsIroO; and ErsOs contributions. A
small amount of Ir (from the decomposition of IrO,y) was also observed.

(ii) The reaction cycle at 800 °C slightly improved the pyrochlore phase content
in the sample, see Fig. 2.2l The ratio between the mole fraction of Er,O3 and
[rO5 remained unchanged with increasing temperature.

(iii) Further increase in the reaction temperature significantly reduced the amount
of initial oxides. However, in addition to the single EryIroO7 phase, another cubic
pyrochlore phase with slightly larger lattice parameter was observed. The flux
growth at 900 °C provided better conditions for the formation of this secondary
phase compared to lower temperatures. The amount of both the EryIr,O; phases
reached 72(2) mol.%, while the secondary phase content was 31(2) mol.%. It
further decreased to 13(2) mol.% when reacting the sample at 1000 °C, while
the total amount of EryIroO; phases reached 90(3) mol.%. The data quality
does not allow refinement of site atomic occupations in this secondary phase;
however, a rough estimate of the stoichiometry can be obtained using Vegard’s
law-type arguments for the Erg o, Irs 5,07, series. Using the lattice parameters

of ErsIraO7 and EryO3 as series end-members, the estimated stoichiometry of the
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Er-Ir-O secondary phase corresponds to an approximate formula Ers 71111 99O¢.64.

To avoid formation of this off-stoichiometric pyrochlore phase, the new sample
was reacted at 800 °C several times. Several heating and grinding cycles led to an
improvement of the pyrochlore phase content without any traces of the secondary
Er-Ir-O phase, as illustrated in Fig. 2.2] Finally, after six cycles, the pyrochlore
phase content reached 94(3) mol.%. The shape of the pyrochlore peaks in X-ray
diffraction patterns was also significantly improved in comparison to previous
attempts. The amount of EryO3 in the sample was reduced to 6(1) mol.%, and
no IrOy or Ir were detected in the diffraction patterns. With further heating
cycles, the pyrochlore phase content began to decrease, presumably due to the
same mechanism seen in the high-temperature solid-state reaction: a process
of decomposition of the pyrochlore into constituting oxides, with more volatile
iridium oxides evaporating from the surface of the flux, leading to an apparent
increase in the fraction of EryOs.

Contrary to the solid-state reaction method, with careful control of reaction
conditions, temperature and duration of reaction, number of cycles, and amount
of initial oxides, the flux method allows a preparation of the ErylraO; sample of
good crystallinity. To compensate for any missing IrOs in the final product, it can
be added into the account at the beginning of synthesis, or before any reaction
cycle. Many other members of the A5Ir,O5 series have been synthesised using the
flux method: A = Pr, Nd, Sm, Dy, Ho, Er, Tm, Yb, and Lu. We highlight newly
synthesised TmylrsO7. These materials have been thoroughly investigated and

their structural and physical properties are reported on in following subsection
and chapter 3]

2.1.4 Stability of pyrochlore structure

The knowledge on the details of the crystallographic properties of AslraOy iri-
dates is imperative for a proper interpretation of their magnetic and conductive
properties introduced in subsection [1.2.2]

The pyrochlore structure of A;IraO7 (and the majority of A; B2O7) has been
repeatedly reported and confirmed also by our studies. It is perfectly ordered
cubic structure (space group Fd3m) with only two free parameters: lattice pa-
rameter a and fraction coordinate of the oxygen anions at 48f Wyckoff position
x48t. Related Ir-O bond lengths and Ir-O-Ir bond angles play a crucial role in inter-
preting varying electronic and magnetic properties in AslroO; materials [65, [88].
A recent report on EuslraO7 showed anomalies in both the bond length and the
bond angle at Ty, [89]. The mechanism of the magnetic ordering of the Ir sublat-
tice being responsible for the structural changes, or vice versa, would be highly
useful for interpreting the magnetic properties of iridates. Therefore, we per-
formed complementary structural and compressibility study using synchrotron
X-ray diffraction techniques on selected AylryO7 iridates (A = Pr, Sm, Dy-Lu),

including significantly understudied heavy-rare-earth members, inclusive of newly

20



e e e
N D L=
Intensity (a.u.)

o
(X

e
©

& 06
a +
w 0.4+
g A
£02¢
0.0 K L '|'|" [' I T IR 1 L ||.|"\|[\I I i L
5 10 15 20 25
20 (°)

Figure 2.3: High-pressure diffraction of LuylraO7. Pressure evolution of the py-
rochlore peaks’ position (a). No structural change is observed. Refined diffraction
pattern at ambient pressure (b). The inset shows the pressure evolution of the
peak shape - only small broadening was observed in pressure up to 20 GPa. The
figure is adopted from Ref. [90] and slightly modified.

synthesised TmslrsOs.

Temperature and pressure evolution of crystallographic parameters were inves-
tigated by means of synchrotron X-ray radiation diffraction. Several synchrotron
beamlines were used: 1ID22 and ID15b beamlines at ESRF (Grenoble, France);
KMC-2 beamline at Bessy II (Berlin, Germany); and 115 beamline at DIAMOND
(Didcot, United Kingdom). The diffraction patterns were collected on samples
in a spinning capilary or loaded in a diamond anvil cell down to 4 K and up to
20 GPa [90]. Synchrotron data are naturally measured with high resolution up to
high diffraction angles, allowing precise determination of structural parameters
of investigated samples.

The diffraction patterns confirm the robustness of pyrochlore structure in
investigated AslroO; members in the whole temperature and pressure range. Es-
sentially the same diffraction patterns were measured for all iridates at all tem-

peratures and pressures; just changing depending on the actual lattice parameter.
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The example of measured data is presented in Fig. By pressure application,
the diffraction peaks become broader, reflecting the inner strain in the materi-
al. The low-temperature diffraction patterns are sharper than those measured at
room temperature due to reduced thermal fluctuations of the respective scatter-
ing centres (Debye-Waller factor). No differences from the expected behaviour
was observed.

The lattice parameter a decreases with decreasing temperature, demonstrating
a standard thermal contraction of the material. The compressibility of samples,
or the pressure dependence of the lattice volume, follows the Birch-Murnaghan
equation of state [90], [01]. The fraction coordinate x,5¢ remains constant within its
error bars in the applied pressure. Simultaneously, it slightly decreases with in-
creasing temperature (less than 1% from 4 to 300 K). Most importantly, no clear
anomaly on x4g¢, and connected Ir-O bond lengths and Ir-O-Ir bond angles, de-
velopments is observed in any temperature or pressure. Actually, comparing our
data with a previous study of EuyIraO7 [89], the z45¢ parameter behaves in a very
similar way at around 7},. The anomaly previously reported cannot be unambigu-
ously reproduced by our data as the error bars are larger than the quantitative
change of x4g¢. (Error bars in the previous report were not shown.) Moreover,
similar anomalies could also be traced at different temperatures, not coincident
with any characteristic temperature of the investigated A,Ir,O7 iridates. See our
recent publication [90] for further details.

The robustness of the pyrochlore structure in A;lrsO7 iridates allows an in-
terpolation of structural parameters and a reasonable estimation of properties for
the whole series. E.g., pressure impact on the YbylroO; member was not inves-
tigated; however, it can be reasonably estimated by combining compressibilities
of the A = Tm and Lu members. Further, magnetic and conducting properties
can be discussed with respect to structural details and application of chemical
and external pressure. That is, external pressure can be compared with chemical
pressure based on the change in the lattice parameter. E.g., an application of
pressure on the PrylraO; member leads to a compression of the lattice; decreas-
ing the lattice volume across the rare-earth series, and ultimately reaching the
lattice parameter of Yholr,O7 at 20 GPa.

2.2 Growth of A;Ir,O; single crystals q

Introduction to unpublished results: to be published in 2024.

Being able to synthesise polycrystalline samples, including small single crystals
with an edge of maximum 10 pum, we performed a number of macroscopic and
microscopic experiments on AslraO7 (see chapter . However, investigations of
anisotropic properties, as well as the use of many advanced techniques shedding

light on the complex physics of these compounds, remained unattainable. There-
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Figure 2.4:  AslrsO7 single crystals synthesised using PbF,; flux. Photographs
of ErslryO7 crystals (a-b) and NdalrsO7 single crystal (c) taken under optical
microscope. BSE pictures from electron microscope of NdyIraO7 (d-e), Hoslra Oy
(f), EraIraO7 (g-h), and LuylraO7 (i) single crystals. The crystals with the edge
larger than 100 um were investigated by macroscopic and microscopic methods,
allowing us also to reveal the anisotropic properties of respective AsIr,O7 iridates;

these results are not presented in the thesis.

fore, we dedicated significant time and personnel to optimise the preparation
process of AsIr,O7, aiming at larger single crystals.

First, we attempted to reproduce the recipe reported by Millican et al. [76].
The light rare-earth AsIroO7 (Pr, Nd, and Eu [76], 92, 03] ©94], 05]) were synthesised
by mixing starting oxides A;O3 and IrOy in a stoichiometric ratio with KF flux
and reacted at high temperature. Following the recipe, we were able to synthesise
a relatively small single crystal with an edge of maximum 20 pm after multiple
attempts. The attempts to synthesise larger single crystals were also done using
CsCl flux; the same flux was employed for the growth of high-quality powder
samples. However, the size of single crystals was limited as well. Searching for
ideal flux material, we tested several other chemicals, namely NaCl, KCIl, NaF,
PbO,, and PbF,, and made also attempts using off-stoichiometric initial mixtures.

At first, none of the fluxes led to significant improvement of the synthesised
single crystals, except the PbF, flux. Large single crystals of an edge of maxi-

mum 600 pym were prepared for A = Nd, Er, Tm, and Lu members. Examples
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Figure 2.5: Laue X-ray images taken in back-scattering geometry on NdslroO7
(a-b), ErslryO7 (¢), and LuslryO7 (d) single crystals. The patterns were recorded
along the <100> (a,c) and <111> (b,d) crystallographic directions.

of synthesised single crystals are presented in Fig. 2.4, where a perfect shape of
crystals with pronounced facets have been observed. See also examples of Laue
X-ray images recorded on synthesised single crystals in Fig. These sam-
ples were investigated by a variety of methods, leading to both consistency with
polycrystalline results and information on anisotropy in the material (results to
be published in the near future, not included in the present thesis). However,
an accurate characterisation of these single crystals, EDX on polished surfaces,
revealed inclusions of Pb in the bulk. Moreover, some samples exhibited par-
tial substitution of rare-earth element by Pb. These observations demonstrate
aggressiveness of the PbF, flux and prove it to be not ideal for the synthesis
of AslryO7. Nevertheless, comparing e.g. the ordering temperature of iridium
sublattice in polycrystal synthesised by CsClI flux and single crystal grown using
PbF, flux, almost the same T},’s (slightly lower in the case of single crystal) were
determined.

Finally, we re-started our attempts using KF flux for single crystal synthesis.
Dedicating a considerable time to the process, we optimised the preparation recipe
using this flux. Single crystals comparable to PbFs-flux grown crystals, but with-
out inclusions and/or substitutions, were synthesised. The atomic mass/volume
of potassium is significantly different from that of rare-earth and iridium, there-
fore, the substitutions are not very likely, compared to Pb.

Numerous measurements were made on these crystals. Besides bulk prop-
erty measurements, magnetisation, specific heat and electrical resistivity, ad-

vanced microscopic techniques were employed. Neutron diffraction experiments

24



on NdyIryO7 single crystals (D23, ILL, Grenoble; and ZEBRA, PSI, Villigen)
allowed one to study magnetic structures of Ir and Nd sublattices under ap-
plied magnetic field. Synchrotron radiation scattering experiments (D15b, ES-
RF, Grenoble; and 115, DIAMOND, Didcot) shed light on the evolution of the
pyrochlore crystal structure under external pressure. Magnetic excitations in
Erslr,O7 and LuslroO; were investigated using resonant inelastic X-ray scatter-
ing (ID20, ESRF, Grenoble). These studies revealed and documented, e.g., do-
main hypothesis (see subsection , 2120 and 3110 arrangements of magnetic
moments on rare-earth sublattice under applied magnetic field, or Ir magnon ex-
citations below 100 meV and spin-orbit and crystal field excitations at higher
energy. These briefly introduced results are not part of the present thesis as
the analysis of the collected data has not been finished. We intend to publish
our results on single crystalline samples, some of them in collaboration with our
colleagues from the Institut Laue-Langevin, the European Synchrotron Radia-
tion Facility, the Institut Néel, CNRS, and Université Paris-Sacley, in the coming
year/s. In addition, several other experiments are being planned and proposed
for. Most importantly, synchrotron X-ray micro-diffraction mapping of magnetic

domains and domain walls promises highly important results.

2.3 Synthesis of A;Zr,0O; zirconates q
Introduction to publications: 1}, 3}, [5}, [6}, 13}, 15}, and

Many AsB>O7 single crystals have been prepared from a pre-reacted precursor of
the same stoichiometry employing floating-zone method, e.g., Refs. [69] 06, [97].
This method can be used for chemically stable materials with low evaporation
and vapour pressure on heating and in melt. (Hence, we cannot employ a floating
zone method when preparing AslroO7; materials introduced above.) Crucible-
free growth is realised in a furnace, typically with radiation heating, enabling
melting of only a specific part of the precursor. The single crystal is formed by
pulling the precursor through the hot zone under specific conditions (atmosphere,
temperature of melt, speed of pulling and rotation of ingot and precursor, possible
use of after-heater [98]). In the following part, we describe the preparation process
of selected AsZra07 and Ay (Ti,Z1r),07 single crystals in detail. Introduced general
recipe can be, of course, used for other A, BoO7; members, as well as for unrelated

compounds.

2.3.1 Floating zone synthesis

A number of good-quality As(Ti,Zr),O7 crystals have been prepared following the
recipe described below. We demonstrate the preparation on ErsTisO7 compound
(further details are accessible in respective publications of the author, the most
detailed description in Refs. [72, 09]):
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(i) The mixture of powder Er,O3 and TiO, oxides (99.99% metal basis, AlfaAesar)
in the molar ratio 1:2 was thoroughly homogenised and slowly packed into the
rubber mould under vibrations.
(i) Subsequently, it was compressed into the form of a rod in a home developed
pressure cell under quasi-hydrostatic conditions (nominal pressure of 200 kPa).
(iii) The resulting rod of 9 mm diameter and 80 mm length was taken from
the mould and pre-sintered on Pt plate at 1100 °C for several days in air. The
sintering was done solely to prevent the rod from falling apart in the course of
further manipulation. Optimising the precursor preparation process, we found
out, that pre-sintering time of just one day, and in some cases just five hours, is
sufficient. The partial reaction, solid state reaction, between two initial oxides
took place. Nevertheless, sintered precursor contained only a minor fraction of
EryTisO7. On sintering, a shrinkage of the sample volume of approximately %
was observed.
(iv) The sintered precursor was cut into two pieces: a small part of the precursor
(15 mm) was used as a seed, while the second part served as a feed rod. On the
cut surface, we identified the inner part of the rod to consist of a mixture of two
initial oxides, while the outer ring had a clearly different texture, documenting
partly reacted material. The pieces were shaped to best absorb the radiation.
(v) Single crystal was prepared employing an optical floating zone furnace (optical-
image-furnace FZ-T-12000-X-VI-VP (Crystal Systems Co., Kobuchisawa, Japan)
with xenon-arc-lamps; or FZ-T-4000-VI-VPM-PC furnace with halogen-lamps
and focussing mirrors) or laser floating zone furnace (CSC FZ-LD-5-200W-1I-
VPO-PC with five laser diodes). The seed rod was held in the bottom furnace
shaft, while the feed rod was freely hang on the upper shaft. The floating zone
that had a width of ~8 mm was established between the seed and feed rods, for
optical furnaces. The width of the floating zone in the laser furnace was smaller,
by using focussing lenses reaching only about 4 mm. Subsequently, the precursor
was pulled through the molten zone at speed of 5 mm.h~! while counter-rotated
at 35 rpm. The growth of the single crystals was carried out in air under 155 kPag
gauge pressure with a flow rate of 1.0 liter per minute.
(vi) In several cases, the precursor was melted three times to ensure a good ho-
mogeneity of the constituting elements within the ingot and a good quality of the
prepared single crystal. After first melting, the precursor shrank by approximate-
ly % of volume (resulting to ~ 6 mm diameter) without any apparent evaporation
of the constituent elements/oxides. The ingot volume did not change noticeably
during second and third melting. The examples of synthesised ingots from the
Ery(Ti,Zr)20O7 and and AsZryO; series’ are presented in Fig. and (first
parts of the series’ are synthesised using floating hot zone method).

We note that the commonly used preparation route, reported in many publica-
tions, e.g., Refs. [69,[06,97], is based on melting already pre-reacted polycrystal of
Ay B507. Our simplified preparation process, reacting directly the initial oxides,

allows to minimise the composition deviations and time losses by skipping the
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Figure 2.6: EryTi, ,7Zr,O7 ingots synthesised using a laser furnace and floating
zone (x < 1.2) or Czochralski (x > 1.4) technique. Details on the preparation
and quality of the ingots are provided in the text.

initial phase of the polycrystalline precursor synthesis. Repeated heating-cooling
cycles with intermediate grindings of the initial mixture are omitted. It is also pos-
sible to completely avoid any contamination of the polycrystalline precursor with
the mortar material during its grinding. Moreover, the compression of powder
material into seed/feed rod can be done easily under lower pressure, since non-
identical powder grains of initial oxides have arbitrary surface (including sharp
edges and vertices). In contrast, a pre-reacted material is ground several times
(to obtain a good homogeneity within the precursor volume) leading to almost
identical spherical grains which are hard (and sometimes impossible, depending
on grinding method and homogeneity of pre-reacted material) to connect to each
other by even relatively high pressure. Therefore, the preparation of suitable

precursor might be an issue. Our preparation process naturally eliminates these
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Figure 2.7: Fragments of A5Zr,O7 ingots synthesised using a laser furnace and
floating zone (A = Y, Nd, Eu) and Czochralski method (A = Gd - Lu). The
edges of the squares behind the crystals are millimetre size, for scale. The figure
is adopted from Ref. [99].

problems, leading to a comparable or better quality of the synthesised crystals.

In addition, the presented synthesis route enables growth of some compounds
with less stable initial elements or oxides (although it is not the case of our report-
ed zirconates). The reduced thermal treatment of the precursor, compared to the
standardly used route, leads to lower material losses, which must be further com-
pensated for by off-stoichiometry of the initial mixture. Although the presented
method is ideal for preparation of many compounds, highly volatile precursor
materials/products cannot be synthesised for reasons common to floating-zone
methods.

2.3.2 Czochralski method

The preparation of heavy rare-earth A;Zr,O7 single crystals and high Zr-content
Ery(Ti,Zr);07 compounds is severely complicated by high melting temperature
of A;03 and especially ZrO, oxides used as initial reactants (2200-2500 °C and
2715 °C, respectively). High heating power must be generated by furnaces, while
a significant portion of power is lost due to:

(i) source focussing issues, beam of photons must be precisely focused on the
surface of the precursor;

(ii) sample refractivity, interface between two substances changes the direction of
incoming radiation;

(iii) sample absorbance for radiation, connected with colour of material /melt;
(iv) sample thermal conductivity, conducting and distributing received heat to
the material volume.

It is basically impossible to counter the properties of synthesised material using
the floating zone method. In order to change a wavelength of radiation, which
could allow better heat absorption by the material, a different furnace must be

used as the source is usually not exchangeable. Therefore, only a shape of the
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precursor can be tuned to face as much radiation as possible and absorb it; to
make the heating of the precursor as efficient as possible.

One end of the seed rod precursor was shaped into a cone and pointed with
its vertex toward the feed rod with flat top end. We utilised two less-standard
options for the used laser furnace. First, focussing lenses were used. The effective
area irradiated by a laser was thus 4 x 4 mm, instead of 8 x 4 mm. Second,
laser diodes were tilted up to 30 degrees from the horizontal direction (direction
perpendicular to vertically held precursors). With such a setup, the radiation
was directed primarily on the flat surface of the feed rod, allowing maximum
absorption of heat by the precursor. Moreover, the flat surface reflected and
irradiated the portion of accepted light towards the seed rod hung above. The
seed rod was thus heated not only by radiation coming from the laser source, but
also from the feed rod. Of course, the seed rod irradiated part of the heat received
back to the feed rod. The used setup thus allowed for a significant increase in
the temperature of the feed rod and, in turn, the seed rod.

By fully exploiting the laser furnace, it was used with 95-100% of maximum
power (1000 W), and using shaped precursors described above, all synthesised
materials (whole A5Zr,07 series, except A = Ce and Th, which were not selected
for the study) were melted. However, connecting the seed and feed rods was
usually possible only by a narrow neck of melt. Increasing the diameter of the neck
means more melt in the hot zone, which must be sufficiently heated by radiation.
Nevertheless, the shape of the neck changes the geometry of the process, radiation
paths to the material, and thus the heat received by the melt. Combination of
these factors led to freezing of the melt. The ingot growth was forced to end for
necks with diameters larger than 2 mm. Using the floating-zone method, requiring
a stable connection between seed and feed rods and ideally counter-rotation of
rods, was therefore mostly impossible. Only a very small part of the ingot was
grown by this method before the seed and feed rods were either separated or
tightly connected by frozen melt.

Together with the optimisation of the precursor shape, a different preparation
technique was also used. The Czochralski method of single crystal growth is a
well-known and widely used technique; most noticeable is its intensive usage for
the synthesis of large and excellent-quality silicon single crystals. This technique
consists in pulling the crystal seed out of the melt, which is exactly the technique
usable in the situation described above. The melt is established by the geometry
of the laser furnace and the shape of the precursor. The vertex of the seed
rod is introduced to the melt and pulled out at a constant rate. A part of the
melt removed from the pool solidifies into a crystal, as demonstrated in Fig.
for EryTis_,Zr,O7; with x > 1.4. See also Fig. for ingots of comparable
quality synthesised using floating zone (A =Y, Nd, Eu) and Czochralski method
(A = Gd - Lu).

Contrary to the floating zone method, the Czochralski method allowed for a

preparation of significantly smaller ingots. The remainder of the precursors was
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(a) Nd,Zr,0,

(b) Yb,Zr,0,

Figure 2.8: Laue neutron diffraction patterns measured on Nd;Zr,O; single
crystal (a) and YbyZryO7 single crystal (b) using the CYCLOPS instrument at the
Institute Laue-Langevin, Grenoble, France. The diffraction patterns correspond

to the pyrochlore structure and defect-fluorite structure, respectively.

not melted, but sintered at a high temperature reaching 2600 °C. Sintering at
such high temperature accelerated the solid-state reaction of the initial oxides
(Fig. e.g., z = 1.8), leading to good-quality polycrystalline heavy rare-earth
Ay 71505,

The quality of prepared single crystals (and polycrystals) was investigated by
a spectrum of experimental methods. A small part of the prepared ingot was
ground and investigated by powder X-ray diffraction (Bruker D8-Advance with
CuKa radiation). The diffraction patterns indicated single phase samples in case
of A;7Zr;07, no additional peaks were observed. The average crystal structure
was confirmed to be either of the pyrochlore type (Fid3m) or the defect-fluorite
type (F'm3m), depending on A. In the case of substituted series’ Ay(Ti,Zr);07, in
addition to majority pyrochlore, defect-fluorite or even rhombohedral structure,
also signs of short-range correlations were observed (see section and .
The synthesised ingot was cut to several pieces with long edges parallel to the
principal crystallographic directions [100], [110], and [111] of the cubic lattice
for further measurements. These parts were checked (and oriented) using Laue
X-ray diffraction method in back-reflection geometry, confirming good quality of
the prepared single crystals. Homogeneity and phase purity of prepared ingots
were also investigated employing electron scanning microscope and EDX. Despite
the low electronic conductivity of the prepared samples and the low sensitivity of
EDX to oxygen, the analysis of the energy spectra allowed us to confirm the phase
purity of the samples and A:B ratio to be 50(£2):50(£2) for all compounds. The

quality of selected ingots was furthermore checked in whole volume employing
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Laue neutron diffraction and the CYCLOPS instrument [I00] at the Institut
Laue-Langevin, Grenoble. The measured Laue neutron patterns in Fig.
demonstrate single phase single crystals crystallising in the pyrochlore and defect-

fluorite structure, respectively.
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3. Electronic properties of

AolIroOr iridates il
Introduction to publications: 2], 4., [7, 8], 10}, 11}, [12], and

The rare-earth iridates AsIroO; belong to a broad family of pyrochlore oxides
Ay B50O7 with frequently complex and exotic electronic properties, including, e.g.
fragmentation of magnetic moments in Ho,IroO7 [7, [30], complex magnetic struc-
tures in NdylroO7 [101], [102], TholroO7 [28], and YbslroO7 [27] originating in
interaction of A and Ir sublattices, or spin-liquid and spin-ice states dictated by
geometrical frustration of the pyrochlore lattice of theirs [5, 6, 103]. The diversity
of ground-states observed in Ajlr,O7 oxides stems not only from the geometri-
cal frustration of magnetic moments, but also from the competition and delicate
balance among exchange, dipolar, and spin-orbit interactions in the system. The
influence of the spin-orbit coupling on the magnetic and electronic states and of-
ten weak or intermediate electron Coloumb correlations in iridates [104], 105 [106]
generate topologically non-trivial phases (Fig. , e.g. topological Mott insula-
tor or topological band insulator, a Weyl semimetal state and Fermi-arc surface
states [106] 107, 108 [109].

The iridium sublattice orders magnetically at higher temperatures than rare-
earth sublattice in all, so far studied, iridates, except PrylroO; without magnetic
ordering [60, [108]. The magnetic ordering of the Ir sublattice has been report-
ed/proposed to be antiferromagnetic of the so-called all-in-all-out (ATAO) type:
All magnetic moments point along local <111> directions in or out of the tetrahe-
dron (see Fig. ) The studies documenting this type of ordering were based
primarily on neutron diffraction experiments on powder samples [27, 28 [61],
which are harshly limited by a small magnetic moment on Ir (estimated < 0.5 ug)
and relatively high neutron absorption cross-section of Ir. Although the commu-
nity has mostly accepted the ATAO structure of Ir, none or only ambiguous signs
of the magnetic signal were observed for several members [61], 62]. Importantly,
a recent neutron diffraction study on Luslr,O; with non-magnetic Lu3t ion re-
vealed several magnetic peaks consistent with ATAO magnetic structure [27], well
demonstrating the ordering of pure Ir sublattice.

In addition to the antiferromagnetic ordering, an application of a magnetic
field along the <001> (<111>) direction has been expected to overcome the ex-
change interactions, and turn two (three) magnetic moments in ATAO tetrahedra
to point in, and the other two (one) to point out (Fig. [0, 27]. There-
fore, spin-ice and magnetic monopole-like states can be induced by an external
field (due to competing interactions on the frustrated pyrochlore lattice). Con-
comitantly with the magnetic ordering of the Ir sublattice, AsIr,O7 undergo a
transition from metal/semi-metal/semiconductor to an insulating state (MIT)
[34, 35, 57]. See Figs. and [1.5| for illustration. The transitions, magnetic and
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related MIT, are strongly influenced by the tuning of the Ir-O-Ir bond lengths
and angles [64], which modulate the valence-electron bandwidth and therefore the
effective correlation strength. Ir-O-Ir bond bending vibration is strongly coupled
to a continuum composed of spin, charge, and orbital excitations via a confluence
of all three mechanisms [66].

Chapter |3| consists of two parts focussing on the iridium and rare-earth ion
and sublattice properties, respectively. The interaction between two sublattices is
discussed in the text as well. All presented results were measured/determined on
newly synthesised samples (as introduced in chapter [2] section in the home
laboratory (mgml.eu) and large-scale facilities: the Institute Laue-Langevin (ILL)
and the European Synchrotron Radiation Facility (ESRF), Grenoble, France; the
Rutherford Appleton Laboratory (RAL, ISIS) and the DIAMOND synchrotron,
Didcot, United Kingdom; and the Helmholz Zentrum Berlin (HZB), Berlin, Ger-
many. The following text serves as a brief introduction to our recent results.
More details, both technical and interpretative, are available in the respective

publications of the author and cited references.

3.1 Iridium sublattice q
Introduction to publications: 2], [7., 8}, [10], 12}, and [16]

Relativistic SOC is considered a small perturbation to the overall properties of
light elements but becomes significantly stronger with an increasing atomic num-
ber of the element (as Z*). Demonstrating it on the case of the d-elements: SOC
plays a crucial role in the formation of electronic properties and magnetic ground
state of compounds containing heavier 4d and 5d elements, while it is just a weak
perturbation in 3d element compounds. Simultaneously, the d-orbitals become
more extended with increasing Z. The electronic repulsion and electron correlation
effects are thus weaker in heavier elements. The SOC and electron correlations
are expected to have a similar strength in heavy elements (namely 5d elements),
which leads to a spectrum of complex physical phenomena as demonstrated in
Fig. [1.3} topological Mott insulator [37, 38], Weyl semimetal [35] 36], axion in-
sulator [52], spin-liquid states [5], or spin-ice with monopole-like excitations [6].
A strong SOC is, moreover, a prerequisite for the spin Hall effect (SHE) and the
inverse SHE [53].

AslraO7 pyrochlores with a heavy 5d-element represent one of the Ir systems
revealing the properties and states introduced above and are potentially usable

in applications, in addition to other heavily studied systems [53, 110, [1T1].

3.1.1 Magnetic ordering of iridium sublattice, uSR

The iridium sublattice orders magnetically below the ordering temperature, T,

in A =Y, Nd - Lu members. No long-range magnetic ordering was observed
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in ProlroO7 [60, 112]. A = La and Ce members have not been synthesised,
so far. The magnetic structure of the all-in-all-out type of Ir moments or-
dering was determined by neutron diffraction, resonant elastic X-ray scattering
(REXS), Raman scattering, or muon spin resonance techniques for several mem-
bers (A = Nd, Sm, Eu, Tb, Yb, Lu) [27, 28, 66, 10T, 113}, 114}, 115]. No magnetic
signal/no clear signal was observed in the neutron diffraction data for A = Er
[61] and Tm [62].

Previous studies of the transport properties, as well as magnetic properties,
were focused primarily on the lighter rare-earth AslroO7, mostly neglecting the
later part of the series. To explore the physical properties of heavy rare-earth
iridates, we synthesised polycrystalline samples with A = Dy - Lu, including
newly prepared TmslraO7 (see section . Well-defined polycrystalline samples
were studied by means of a number of bulk and microscopic methods, allowing
us to complete the picture on systematics in the series.

Magnetisation. The magnetic ordering of the iridium sublattice in A3Ir,O7
compounds is characterised by a bifurcation of magnetisation data measured un-
der zero-field-cooled (ZFC) and field-cooled (DC) regime (Fig. [.1). Most of
the samples reveal a weak anomaly on the ZFC curve just below the ZFC-FC
splitting [34, 57, 60, 112, 116]. In fact, the bifurcation could be ascribed to an
onset of the (short-range) magnetic ordering, whereas long-range order is estab-
lished at slightly (maximum few kelvins) lower temperature. Nevertheless, the
temperature at which the magnetisation curves bifurcate is usually denoted as
the ordering temperature in most reports. We mark this temperature as 71,.

Contrary to light A5IrsO7, the change of T}, with A in heavy rare-earth mem-
bers is small (Fig. . See section for completed phase diagram and further
details. Applying a higher magnetic field, the bifurcation closes down, and no dif-
ference between the data measured under ZFC and FC regime is observed above
0.5 T. The magnetic response, %, remains the same regardless of the value of
the magnetic field below T, down to temperature Ta (see Fig. and Table
in the following text). A clear difference between 47 measured at different
fields is observed below T, indicating magnetic correlations among A** ions and
crystal field acting on them. This conclusion is strongly supported by the SR
experiment on Ybolr,O7 [112]. The reported anomaly in uSR data is observed
at the temperature determined from our magnetisation data Tx. A similar uSR
response is expected also from the other members showing magnetisation change
at respective T’s.

Our recent uSR experiments on A = Er, Tm, Yb, and Lu iridates exhibit
a strong depolarisation of the implanted muon ensemble. The large fluctuating
magnetic moment of the A3* ion leads to a rapid depolarisation of the muon spin,
except LuslraO7 with non-magnetic A = Lu. In addition to this component of
the signal, the slow-relaxing component attributable to Ir sublattice is followed.
The analysis of uSR data measured on ErslroO; was summarised in our publica-

tion [I18]. Our recent measurements of uSR on A = Tm, Yb, and Lu members
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Figure 3.1: Temperature dependence of magnetisation (a-c) and specific heat
(d-f). Magnetisation data measured under the ZFC regime (open symbols) and
FC regime (full symbol) exhibit a bifurcation at a temperature denoted by a ver-
tical line. The specific heat of AslrsO7 is presented together with LuylraO7 [117]
and their difference. The specific heat around and above the high-temperature
anomaly is approximated by a smoothed line. The calculated Schottky contri-
bution (from crystal field energies, subsection to specific heat is shown as
well. The high-temperature phonon specific heat limit is shown as a dashed line.
The insets contain entropy calculated from (Ap-Luy)IraO7 data for the respective
oxides. The figure is adopted from Ref. [57].
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are being evaluated. Preliminary analysis reveals consistent and generally the
same evolution of muon oscillations with temperature (Fig. . An anomaly
can be immediately seen in the magnitude of the slow-relaxing component at
around 140 K for all investigated iridates, which is consistent with 7T1,. Addi-
tional change of the signal is clearly observed at lower temperature below T in
ErslroO;7 and YbolraO7. No similar low-temperature signal is observed for non-
magnetic LuslraO7; and TmslraO7 with singlet ground state (subsection .
Such evolution strongly suggests the low-temperature magnetic correlations be-
tween rare-earth moments and likely also d-f coupling in these materials.

Specific heat. Specific heat data reveal an anomaly just below 7., demon-
strating a good agreement with magnetization and uSR results (Fig. . The
observed anomaly was previously reported only for the light A iridates [60]. Our
data thus document consistency not only between magnetisation and specific heat
data, but also within the entire A5Ir,O7 series. The anomalies in all the members
are relatively broad, suggesting a rather continuous character of the magnetic
transition. The effect of the A sublattice on the shape of the anomaly is con-
cluded to be small, as no particular differences are distinguished when data on
iridates with magnetic and non-magnetic A’s is compared.

Electrical resistivity. High-temperature electrical resistivity data reveal in-
creasing electrical resistivity with decreasing temperature. The increase becomes
considerably steeper below T},. The value of the electrical resistivity increases
by 3 to over 6 orders of magnitude upon cooling for respective A;lroO7. In light
rare-earth members, the transition is pronounced as a clear anomaly in electrical
resistivity data on a semi-logarithmic scale [60]. The anomaly broadens continu-
ously with an atomic number of A for heavier rare-earth members [27, [60], and is
observable only on a fully logarithmic scale. Importantly, the maximum change
of resistivity slope is exhibited not at 7T}, but at a lower temperature, denoted
as T, for all investigated iridates (Fig. and Table . No thermal hystere-
sis was measured around 7* (or T},), indicating a continuous second-order phase
transition.

Considering the temperature of a bifurcation and a weak anomaly in mag-
netisation data, anomaly in specific heat data and change of slope in electrical
resistivity data, the temperature of magnetic transition and its determination
should be addressed (for more details, see our report [I19]). The ordering tem-
perature of AslroO; compounds is frequently identified as the temperature of a
bifurcation of ZFC and FC magnetisation data measured in a low magnetic field.
Here it is denoted as T},. This bifurcation can be attributed to the Ir magnetic
domain walls formation along with the long-range AFM ordering of the Ir sub-
lattice [33]. See section for detailed explanation. The long-range ordering
is then characterised by a weak anomaly in magnetisation below 71,. Such expla-
nation is supported by both specific heat and electrical resistivity data (see Fig.
. T, denotes a high-temperature onset of the anomaly in the specific heat.
The anomaly is relatively broad [57, [1T6], [120] and is centered around T as deter-
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Figure 3.2: Temperature dependence of SR coefficients showing the anomalies
connected with the Ir-sublattice magnetic ordering below T,. Apparently differ-
ent behaviour below T} is observed for Erylr,O; and TmsylraO7; members. The

figure is intended for our final publication [I18].

mined from the electrical resistivity data [I19]. Importantly, both specific heat
and electrical resistivity reveal a similar broadness of the transition without any
thermal hysteresis, clearly indicating the continuous nature of the second-order

transition.

3.1.2 Conductive properties

Concomitantly with the magnetic ordering, the conductive properties of py-
rochlore iridates change below Tj,. The transition from metal /semi-metal /semi-
conductor to insulator (MIT transition) has been followed in a number of A5lr,O7
iridates upon cooling ([60, [08], references therein, and Fig. [1.5)). Importantly,
the critical temperature is generally independent of the magnetism/electronic
properties of the rare-earth ions. Instead, Ty, is tightly related to interatomic
distances and bond angles in the pyrochlore lattice; see the subsection [3.1.3

The conductive properties of A;lroO7 iridates are highly sensitive to the sam-
ple quality, e.g. [4, 60, 65 121]. Significantly different properties were measured
on samples with nominally the same stoichiometry, especially when comparing
poly- and single crystals [94, 05, [122]. The Ir deficiency shifts the T}, to (sig-
nificantly) lower temperature [94]. The absolute values of the resistivity and its
relative changes with temperature were reported to differ by orders of magnitude
depending on the investigated sample, e.g. [4], 60, 64, 122].

The mechanism relating the magnetic ordering and MIT in Aslr,O5 iridates

must be discussed. Our resistivity data, well above T7,, can be reasonably de-
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scribed using the Arrhenius thermal activation law. The activation energies listed
in Table suggest that all studied heavy A members are narrow-gap semicon-
ductors above T1,. Determined energies are reasonably similar to previously pub-
lished ones [60, 94] and show no clear dependence on the atomic number of A.
Discussing the evolution of electrical resistivity in the insulating state, we took
into consideration different models to describe our data [119]:

(i) power-law behavior (p = pT™) with n ~ -2 is observed for A = Dy - Tm
members, whereas the evolution of electrical resistivity of A = Yb - Lu resembles
n ~ -4 development. The power-law behaviour with n = -4 is predicted within
the single-particle model for Weyl fermions scattering from the random Coulomb
potential — thermally screened charged impurities model (TSCI) [123]. This
model has been used, e.g., to describe the electrical resistivity of YslroO7 [124] and
lighter A members [122]. An interplay between Weyl semimetal (WSM) and Mott
insulating states was predicted for A;IraO; oxides [107]. However, inspecting the
data [119], the WSM TSCI model cannot alone explain the complex behaviour
of all heavy-rare-earth iridates, and does not present a well-defined dependence
of the coefficient n on the atomic number.

(ii) Mott variable range hopping (VRH) model is commonly used to describe the
conductive properties of strongly disordered systems with localised charge-carrier
states. This model has been employed to explain the behaviour of pyrochlore
iridates [121), 122] 4] despite the fact that the pyrochlore structure is fully or-
dered. Possible off-stoichiometry, common in these materials — that is, source of
charged impurities — however, justifies the use of this model. The data are rea-
sonably well described at intermediate temperatures, but the model fails at low
temperatures (below 30 K). The disagreement between the VRH model and the
data indicates good quality of our samples with none or only minor site disorder
in the lattice.

(iii) Slater insulator model is related to antiferromagnetic ordering, in contrary to
the Mott model based on the Coulomb interaction between charge-carrier states.
As a result of commensurate AFM ordering, there is a periodic perturbation
of the potential that leads to a splitting of the energy band, independent of
strong Coulomb interaction [125, 126]. The Slater model was used to explain the
behaviour of CdyOs,07 compound [127, [128], [129]. CdyOs207 is isostructural to
AylryO7 iridates and reveals the same type of antiferromagnetic ordering (ATAO
type) of Os moments, as well as an MIT. As the magnetic and crystallographic
unit cell are identical, the Slater mechanism without Brillouin zone-folding must
be employed [128]. Due to an interplay between SOC and electron correlation is,
however, difficult to distinguish between the Mott and the Slater mechanisms that
are responsible for the MIT. The Stater model anticipates the gap at the Fermi
level induced by the AFM ordering. Such gap is indeed observed in CdyOs,0O7,
at least just below Tos [127, 129]. Heavy rare-earth iridates exhibit narrow-
gap semiconducting behaviour in the paramagnetic regime, well above T1.. The

emergence of a gap at the Fermi level at or below 71, might thus be masked and

38



f = n = - - H m'nm -

° 115} .

NE u | |

N [ |

51.10 - -,

N [ N

Q\rz1.os- . A
b)

o (10> mQcm)
)

100 150 200
T (K)

Figure 3.3:  Comparison of magnetic susceptibility measured at 5 mT (open
symbols stand for zero-field-cooled and full symbols for field-cooled regime) (a),
specific heat (b), and electrical resistivity (c¢) measurements of DyslroO7. The
green dashed curve in (b) is a guide to the eye, highlighting the anomaly. Vertical
lines represent the transition temperature 77, determined as the temperature of
bifurcation of magnetization curves and 7™ marking the intersection of yellow
dashed lines in panel (c). The figure is adopted from Refs. [119, 120].

not clearly visible in the measured data.

To determine whether the MIT commences concurrently with AFM ordering
at T, or at (slightly) lower temperature is problematic. Nevertheless, MIT has
never been observed above T1,, as it is also illustrated by studies of substituted
iridates [64), [130] and isostructural CdyOs,O7 [128]. Within the Slater model, the
MIT transition follows the magnetic transition [127]. That is, MIT is expected
below T1,. On the contrary, the Mott model predicts that MIT will commence at
or above Ty,. Also, a continuous character of the MIT supports the Slater model
[125], whereas the Mott model predicts a first-order transition connected to a more
abrupt change in resistivity data [I127]. Based on these observations, we ascribe
the MIT transition in AIr,O; to the Slater mechanism rather than the Mott
mechanism. We conclude that the AFM ordering is responsible for an opening of

a gap at the Fermi level, which in turn leads to the transition to the insulating
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state. Nevertheless, an unambiguous conclusion can hardly be made considering
the semiconducting properties of the material in the paramagnetic state, as well
as an ongoing scientific dispute regarding Mott and Slater mechanisms, e.g., in
SrolrOy [131] 132, [133], and the effect of Ir domain walls on transport properties
discussed in the subsection B.1.4l

3.1.3 Phase diagram

Discussing further the evolution of the Ir sublattice ordering temperature within
the AylryO7 series, we completed the phase digram in Fig. [I.5] We synthesised
and investigated, in the past understudied, heavy rare-earth As;IroO; members
with A = Dy - Lu employing the preparation route described in section [2.1],
including for the first time reported TmyIroO7 [57]. The finalised phase diagram
containing the dependence of temperature 71, on the ionic radius of rare-earth
A3 ion is presented in Fig. [3.4]

PryIrsO7 does not magnetically order down to low temperature [60) [134].
Considering the insulating state in AsIrsO7 pyrochlores is induced by a Slater
mechanism (discussed above), the ProlraO; member thus remains metalic (al-
though with relatively high electrical resistivity). No signs of phase transition
have been observed. Actually, the chiral-spin-liquid state has been reported for
this compound [103]. All heavier members of the series reveal magnetic ordering
at low temperature accompanied by a metal/semi-metal /semiconductor to insu-
lator transition. A steep increase in Ty, is observed coming from A = Pr (without
ordering) through A = Nd (36 K) to A = Sm (120 K) member. Pmylr,O; has
not been synthesised due to difficulties connected with radioactive Pm isotopes.
Several studies attempted to bridge the gap among light A members by substitut-
ing Pr by the Nd element and Nd by Sm, respectively [135], or e.g. hole doping
by substituting Eu by Sr [I30] or even Ir by Ru substitution [64]. A smooth
evolution of T}, was observed coming all the way from PrylraO7 to SmsylryO5.
Only a small increase of transition temperature with further increasing atomic
number (or decreasing ionic radius) of rare-earth is observed for heavier members
[60, 134]. Ty’s of the heaviest A members [116], 117], including TmsIr,O7 [57],
perfectly fit into the trend the lighter rare-earth iridates follow (Fig. .

Interpreting the phase diagram, the critical temperature is apparently inde-
pendent of the magnetism/electronic properties of the rare-earth ions, at least
for heavy members A = Sm - Lu. Taking into account T}, of Luslr,O; and
Eulr,O7 members with non-magnetic Lu and Eu ions [117, [136], the magnetic
coupling between A and Ir sublattices is negligible at/above T},. That is, the or-
dering temperature of Ir sublattice, and related insulating properties of AslryO7,
are independent of the A ion and sublattice properties. Instead, the Ir sublattice
ordering has an impact on the rare-earth sublattice ordering below 77,, as demon-
strated in A = Nd, Tb, Ho and Yb iridates |27, 28, [30, [10I]. In these members,
the ATAO ordering of the Ir-sublattice acts on the A sublattice inducing corre-
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Figure 3.4: Phase diagram of A5IryO7. The development of the transition tem-
perature of magnetic ordering of Ir sublattice 71, on the ionic radius of rare-earth
element A3*; diagram finalised using our recent results. Compare the presented
diagram with the incomplete phase diagram in Fig. or Ref. [60]. The figure
is adopted from Ref. [57].

sponding long-range ATAO ordering therein. At lower temperature, nevertheless,
the exchange interactions between A moments prevail and another (component
of) magnetic structure is realised (see section for more details).

The evolution of T}, can be better understood from a structural viewpoint.
The evolution of the crystallographic lattice parameter a and the single free frac-
tion coordinate xyg; (of the 48f Wyckoff position of oxygen; the other atomic
positions are constrained by the pyrochlore lattice symmetry) with a radius of
A ion naturally leads to a change of interatomic distances and bond angles. In-
specting Table 1. increases with the decrease in the overall size of the lattice.
That is, the decrease in interatomic distances and the Ir-O-Ir angle ¢ influences
the t9e-block bandwidth of the iridium, resulting in a strong 5d-orbital overlap
with oxygen ligand 3p-orbitals [88], 137] and, in turn, in an increase of Tj,.

Magnetic ordering, Ty,, MIT, and generally conducting properties of A;lroO7
can be tuned by changing the structural parameters not only by substituting the
elements on the A-site [138, 139, 140] or Ir site [64, 141], 142], but also by the
application of external pressure. The application of pressure represents a clean
way to study structural properties, avoiding the introduction of atomic disorder
into the lattice by any partial site substitution. This is well demonstrated, e.g.,
in SmylryO7 [143]. External and chemical pressure lead to a contrasting evolu-
tion of lattice parameter and trigonal distortion; change of bond angle ¢, which

affects the iridium bandwith; and magnetic moment anisotropy in the system.
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Table 3.1:  Selected parameters of A;IroO7 pyrochlore iridates. A:Ir elements ra-
tio; lattice parameter a, fraction coordinate z45; and Ir-O-Ir bond-angle ¢ of the
pyrochlore unit cell; temperatures 71, T, T and T,y determined from magneti-
sation, specific heat and electrical resistivity data; activation energy A from fit to
the Arrhenius law; total angular momentum of A3+ element J#; effective magnetic
moment for the A3t free ion ply; effective magnetic moment pg and paramag-
netic Curie temperature 0, from fit of the magnetization data to Curie-Weiss law;
p " and 02~ from fitting the subtracted (As-Luplr,O7) magnetisation data.
The data is adopted from our publications [57, 116, 117, 119, 120].
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Simultaneously, in AsIr,O7, the pyrochlore structure is stable up to high pres-
sure, as illustrated by our recent work (subsection [2.1.4)) [90]. The experiments

under pressure were previously limited to light rare-earth pyrochlores. 10 GPa
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Figure 3.5: Pressure evolution of electrical resistivity of ErslroO; zoomed on
the metal-insulator transition. Temperature of the transition 77, (indicated by
arrows) increases with the pressure application. Top inset shows the whole mea-
sured temperature region including the zoomed region in the fully logarithmic
scale. Bottom inset shows the approximately-linear evolution of 7T}, under pres-
sure. The figure is intended for our future publication (in preparation).

pressure applied to the NdsIrosO7 compound causes a gradual decrease of Ty, and
suppression of MIT [135] [144]. Moreover, further increasing the pressure leads to
the emergence of a new magnetic phase. In contrast, the transition temperature
in EuylraO7 decreases only slightly with increasing pressure up to 6 GPa, and a
subtle increase is observed by further pressure application [59, 95].

The heavy rare-earth A;IroO; remained mostly uninvestigated from the view-
point of the application of the external pressure. Very recently (to be published
in the near future), we investigated EryIraO7 in pressure up to 3 GPa. Temper-
ature of the transition from semi-metal to insulating state, Ty, increases almost

linearly with the pressure application (see Fig. [3.5). Such an evolution is in a
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perfect agreement with A cation phase diagram in Fig. [3.4, That is, 7}, increases
with the lattice contraction. Identical evolution of the phase transition in applied
pressure is expected for all heavy rare-earth AsIroO; members. To verify this as-
sumption, the pressure experiment is currently being performed on the LusIr,O;

member.

3.1.4 Antiferromagnetic domains and interfaces

The Ir magnetic moments in AsIr,O; were reported to spontaneously order in the
all-in-all-out structure (Fig. below T, [27, 28, 66, 101, 113, 114]. Importantly,
in addition to the ATAO order, the time-reversal-symmetry-related all-out-all-
in configuration is also realised. As the AIAO and AOAI configurations are
equivalent from the energy point of view, they are both present in the bulk
material below 77, and create respective domains. See Fig. for illustration.

The interface between antiferromagnetic domains, the ATAO/AOAT interface,
is formed by two types of moments, rotatable moments and frozen moments.
Rotatable moments are weakly coupled with the respective domains and can be
easily impacted by an external magnetic field. On the other hand, frozen un-
compensated moments with the effective three-in-one-out arrangement (3110, or
alternatively 1130) form a net ferromagnetic moment at the domain boundary
and are strongly coupled to the domains [67]. Aligning and stabilising the antifer-
romagnetic domains’ interfaces in AslroO7 is assumed to be done by a field of few
mT, while the stabilised interfaces at lower temperature (below Ty,) are robust
against a field of several T [67, [145]. Therefore, these materials could serve as an
ideal magnetic recording medium.

Electronic/conducting properties have been postulated to be distinct in the
ATAO/AOAI domains and domain walls [146] 147]. The (strongly, Mott) in-
sulating properties of AIAO domains are considered to be directly related to
the magnetic moments’ arrangement via the Slater mechanism [63], (67, 03, 148)].
Contrary to the domains, ATAO/AOAI interfaces with disturbed magnetic order
might reveal high metallic conductivity, as has been reported for NdsIr,O; [147].
Such distinct conductive properties of the domain interior and interfaces could be
used to read the magnetically encoded information by an external electric field.

The formation and stability of ferromagnetic interfaces in pyrochlore iridates
represent a very topical subject of research, opening a path to potential spintronic
applications. In summary: These materials could enable magnetic recording of
information applying a small magnetic field during crossing the transition tem-
perature Ti,. This information would be protected by the magnetic structure,
domains, and frozen interfaces against the high magnetic field below 77,. Read-
ing of the information would be then possible by an electric field, owing to the
conductivity of domains (Mott insulator) and interfaces (high metallic conduc-
tivity) being significantly different. That is, magnetically encoded information

will be read by an external electric field.
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Figure 3.6: Types of magnetic moments’ arrangement on the tetrahedron (a-c)
and the model of the ATAO-AOAI domains’ interface: 2D projection (d) and 3D

scheme (e). Non-zero total magnetisation at the interface is represented by green

arrows.

The magnetic ordering of the Ir sublattice can be manipulated, moreover, by
rare-earth sublattice magnetism. Very recently, HooIr,O7 has been proposed to
reveal a strong coupling between the magnetic monopoles (3110 configuration) on
the Ho sublattice and the ordered Ir moments at low temperatures [33]. By apply-
ing an appropriate external magnetic field, the magnetic monopole-like states on
the Ho sublattice are induced. These states are coupled to the antiferromagnetic
Ir domains and interfaces. That is, the AFM domains of Ir are manipulated by
an external field via the rare-earth sublattice at low temperature. Such a mech-
anism of AFM domains manipulation would bypass the challenging problem of
AFM domains switching!

To prove the presence of the domain interfaces, many experimental techniques
have been/can be employed. Magnetisation measurement of bulk material, ideal-
ly single crystal (our recent unpublished work on LuyIroO7 single crystal), allows
to prove the ferromagnetic component in antiferromagnetically ordered material.
Cooling the sample through 71, in a zero magnetic field results in a random orien-

tation of domain interfaces, giving zero total magnetisation. In contrast, cooling
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the sample in non-zero magnetic field makes the domains and ferromagnetic in-
terfaces (Fig. preferably aligned along this field. Resulting uncompensated
magnetisation can be observed in the data. Importantly, this ferromagnetic sig-
nal remains non-zero even after the external magnetic field has been removed.
Simultaneously, further application of magnetic field of, at least, 7 T (and oppo-
site -7 T') below T}, has no impact on the domains and interfaces structure. After
removing this field, the original ferromagnetic signal is observed at zero external
field. These effects are the best observable at low temperatures, sufficiently below
T1.. However, the rare-earth sublattice of magnetic A elements influences the Ir
ordering, and therefore the ferromagnetic interfaces, at least at lowest tempera-
tures. As reported for HooIroO7 [33], this interaction can be highly important for
new generation of spintronic devices.

The magnetic domains, interfaces, and their magnetic and conductive prop-
erties can also be studied by means of other standardly used laboratory tech-
niques, e.g., ac-susceptibility, magneto-transport measurements, Hall effect, and
atomic/magnetic force microscopy [33] 63, 67, 92], [149]. Nevertheless, to obtain
direct, microscopic information on the properties, advanced methods accessible
in large-scale facilities must be employed, e.g., coherent X-ray scattering, X-ray
magnetic circular dichroism, X-ray polarisation enhanced topography, or reso-
nant micro-diffraction X-ray imaging [150} 151} [152]. We are currently propos-
ing and performing microscopic experiments in large-scale facilities to shed light
on the details of the magnetic ordering and conducting properties of AslrsO5.
Our efforts are currently aimed to unambiguously confirm the domain manip-
ulation mechanism through the f-d interaction between rare-earth and iridium
moments/sublattices; especially, proving it on the microscopic level, as well as
imaging of domain structure (micro-diffraction X-ray experiment scheduled at
ESRF Grenoble in the second half of 2024). Simultaneously, we continue to
study bulk properties of synthesised single crystals (A = Nd, Er, Lu at the mo-
ment). The relevant publications will be submitted to scientific journals during
the year 2024 and at the beginning of the year 2025.

3.2 Rare-earth sublattice q
Introduction to publications: 4, [7], 10}, [11]., and [12]

In addition to the Ir sublattice magnetism (discussed in section , the physical
properties of AslrsO; are governed by the electron configuration of rare-earth
element. The rare-earth moments are subjected to the Ir molecular field and
direct d-f coupling. Some AsIr,O; members reveal induced AIAO magnetic or-
der of the A sublattice, as evidenced by the neutron diffraction experiment in
NdyIroO7 [I01] and ThelraO7 [28]. At low temperature, however, the exchange

interactions between rare-earth moments become stronger, leading to a second
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component of the magnetic moments. The ground state magnetic structure could
then be, e.g., a superposition of ATAO and XY magnetic components. An anti-
ferromagnetic coupling between the Ir and Sm moments and long-range ordering
of the Sm moments were inferred in Smylr,O7 [153]. Ybelr,O; was reported to
show a competition between ATAO and ferromagnetic ordering down to the lowest
temperature [27].

Furthermore, together with the long-range Ir order, the induced A ordering,
and the A-A magnetic correlations, the magnetic properties of AslroO7 iridates
are defined by the A single-ion properties. The crystal field (CF) acts on the A
cation ground state multiplet and removes its degeneracy. Contrary to Ir**, where
the crystal field is order of magnitude stronger than spin-orbit coupling, the op-
posite applies for A3 ion in crystalline environment. The physical properties of
rare-earth compounds are thus determined mostly by crystal field effects, at least
in the paramagnetic state. The crystal-field schemes of heavy rare-earth AsIrsO5
members have been reported for DysIrsO7 [7], HoolryO7 [30] and Yholr,O; [27].
Recently, we investigated crystal field schemes of the ErslryO; [116] member and
newly synthesised the TmylroO7 member [62] and discussed them from the view-

point of bulk properties and within the framework of other pyrochlore compounds.

3.2.1 Bulk properties

The crystal field scheme is essential to correctly understand the physical proper-
ties of the rare-earth compound, as well as its ground state. Below we present
an introduction to our studies on two heavy rare-earth members of the As5lroO7
series: ErylroO7 and for the first time synthesised TmslroO7. Before giving an
overview of our microscopic, inelastic neutron scattering, results, we discuss our
low-temperature magnetisation and specific heat data which would support the
CF schemes determination in section 3.2.21 Bulk data are also discussed for A
= Dy and Yb members utilising the CF schemes determined previously by other
authors [7, 27].

Magnetisation. Fitting the high temperature part of A;IroO; magnetisation
to the Curie-Weiss formula led to the effective moment, u.g, and paramagnetic
Curie temperature, ¢, listed in Table The value of pg is slightly lower than
the value expected for A%+ free ion pl;. These values are, however, influenced
by the Ir contribution to the magnetic response. Ir magnetisation is relatively
small, as demonstrated in LuslroO7; member with non-magnetic lutetitum; see
our publication [I17]. Nevertheless, subtracting the LuyIroO7 magnetisation data
from other A members data and fitting the difference data to Curie-Weiss formula
resulted in somewhat lower ufﬁ’L“ values. Such result is not surprising and agrees
well with previous results on light A members [I54]. The contribution of the
Ir sublattice is very similar in all members, strongly supporting the picture of
the same magnetism, magnetic ordering and weak interaction between Ir and A

sublattices, at least in the paramagnetic state.
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The paramagnetic Curie temperature, ¢, was fitted negative in all members.
Its value decreases with increasing atomic number of A. The negative value of
0, suggests antiferromagnetic correlations between magnetic moments. However,
interpreting these values, one must be aware of the Ir contribution again. That
is, the values for the LuslrosO7; member correspond to just Ir signal. Indeed,
Curie-Weiss fits of corrected data resulted in somewhat lower 01’)4*1‘“ values (Table
. Small negative values of the paramagnetic Curie temperature without clear
systematics were reported for lighter rare-earth iridates [154]. A = Er member
thus fits to the previous results. A = Tm and Yb members reveal significantly
larger values, which are unlikely to be connected to the A-Ir interactions. Of
course, large values in these members could represent rather higher-energy CF
levels, not giving much information on the ground state properties.

The antiferromagnetic correlations in A;IroO7 are corroborated by the isother-
mal magnetisation measurements, showing no hysteresis in a sweeping magnetic
field. The magnetisation value at high magnetic field (extrapolated as our mea-
surements were performed in magnetic field just up to 7 T) exceeds the value
expected for free A3t ion for all members, except Ybsolr,O;. Such a result can be
well understood considering the additional contribution of the magnetic moment
of Ir** (can reach 1.74 up for S = 1/2). Ybylr,O7 exhibit a lower magnetisation
(with apparent tendency to saturation) than expected for Yb?* ion. The lower
value of magnetisation is, nevertheless, consistent with the crystal field scheme
determined from the inelastic neutron scattering experiment [27]. Actually, the
measured value is higher just by the Ir contribution compared to CF calculations
[57]. Indeed, the low value of magnetic moment in YbylIr,O; can be understood
assuming the effective S = 1/2 ground state of Yb moments, similarly as in the
YbyTipO7 analogue [155]. The mean field calculation revealed a strong Splayed
ferromagnetic and a significantly weaker three-in-one-out (3110) components re-
sponsible for the reduced magnetic moment on Yb in this compound [27].

When the experimental magnetisation is compared with values calculated
from the crystal field parameters (determined from inelastic neutron scattering
data), a very good agreement is obtained for A = Er and Yb members (Fig.
[57, 116]. The corrected magnetisation data (LuyIraO7 data subtracted from
AslryO7 data) perfectly overlap with the calculated curves. A worse agreement
is observed for TmsylIryO7, especially in the low temperature region (below 70 K)
[62]. Although the Ir contribution was subtracted the same way as in other
AslrsO7 members, the effect of the molecular field of the Ir sublattice is most
likely still playing a role. Attempts to add molecular field terms to the calcula-
tions, however, did not lead to a substantial improvement in compliance. Even a
worse agreement comparing experimental magnetisation data to calculated curves
from previously reported CF parameters was observed in Dy,IroO7 [7, 120]. It
was shown that the mean field approximation approach fails to properly explain
the magnetisation data of this compound. Further studies, preferably on newly

synthesised single crystals are necessary to shed light on intriguing properties of
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Figure 3.7: Inverse magnetic susceptibility, %(T), of A3lr,O7 pyrochlores. The
measured data and their difference subtracting Lu-member data are presented.
The inverse susceptibility calculated from the CF parameters is compared with
the measured data. The insets contain low-temperature %(T) data in selected
magnetic fields for respective iridates. The inset between panels (b,c) contains the
(Tma-Luy)IraO7 data together with the average calculated inverse susceptibilities.

Data was adopted from Refs. [57, [116].
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this highly interesting material with fragmented magnetic monopole-like state [7].

Specific heat. The specific heat of A5lryO5 iridates can be well understood
as a sum of the (electronic,) lattice, Ir sublattice, and A sublattice magnetic con-
tributions. Discussing the magnetic specific heat of solely rare-earth sublattice,
the other contributions can be estimated by specific heat of Luylr,O7 (or alter-
natively EuslroO7) member with non-magentic Lu (Eu) ion. Supposing that the
mass of the A elements concerned and the interatomic distances in the lattice are
not significantly different, the lattice contribution is almost the same in all mem-
bers. The pure magnetic contribution of the Ir sublattice can be considered the
same in LuslrsO7 and other members, most likely not only above T1,. However,
the ordering temperature 71, slightly differs with A. That is, the anomaly in spe-
cific heat connected with the magnetic transition appears at (slightly) different
temperatures for individual members. Therefore, the specific heat of the anomaly
was roughly estimated and subtracted from the AyIroO7 data (A = Dy, Er, Tm,
and Yb). The specific heat connected with the interaction between A and Ir
magnetic moments cannot be reasonably evaluated. Its strength is believed to be
the same in all members above T},. However, it could be significantly different at
lower temperatures (see our discussion on the A-Ir sublattices interaction above,
the beginning of the section . Fully aware of the uncertainties, the magnetic
specific heat of A sublattice was calculated by subtracting LusIr,O; data from
other AlryO7 data sets [57, [1T6], 120]. Several magnetic anomalies were followed
in the magnetic data.

The anomaly connected with an ordering of Ir sublattice was discussed in
detail above (section [3.1.1). The lowest-temperature anomaly corresponding to
the exchange interactions in most of the members will be discussed separately
in the section [3.2.3] The remaining anomalies in (magnetic) specific heat are
related to the CF excitations. A degeneracy of the ground state multiplet of A3+
ion is removed in crystalline environment. The point symmetry of the Wyckoff
position of rare-earth in the pyrochlore lattice and its total angular momentum
JA are essential for the multiplet splitting. Dy**, Er**, and Yb3* are Kramers’
ions with half-integer J*. The minimum degeneracy of the state is therefore two.
Tm™3 with integer J* can exhibit also singlet states. The point group symmetry
of the rare-earth element in the A;Ir,O; pyrochlore structure (16d position, see
Fig. is not cubic (which would lead to higher degeneracy), but trigonal (D3,
3m). The ground state multiplet of AsIr,O7 in the pyrochlore lattice will thus
be split into 8 doublets for A = Dy and Er, 5 singlets and 4 doublets for A
= Tm, and 4 doublets for A = Yb. The energies of the respective states were
measured employing inelastic neutron scattering techniques by us or other authors
[7, 27, 57, 116]. Comparing the Shottky specific heat calculated from measured
CF energies with estimated magnetic contribution to specific heat leads to the
perfect agreement (see Fig. . Simultaneously, the magnetic entropy calculated
from this magnetic specific heat well illustrates the degeneracy of individual CF

states (see insets in Fig. |3.1). That is, the slope of the temperature evolution of
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magnetic entropy changes at the entropy values corresponding to the CF levels
and their multiplicity. Of course, this agreement is observed only for lower-energy

excitations, as the specific heat data were measured just up to 300 K (£ = kgT').

3.2.2 Crystal field schemes, inelastic neutron scattering

Together with the long-range Ir order (see chapter , the induced A order (of
magnetic rare-earth ions) and the A-A magnetic correlations (see section ,
the low-temperature properties of Aslr,O; are defined by the A single-ion prop-
erties. The crystal field (CF) acting on the A cation in the pyrochlore lattice
environment has been systematically studied by inelastic neutron scattering for
DyslryO7 [7], HoolryO7 [30], and YbylroO7 [27], and discussed in the framework
of bulk properties of these iridates [34, 57, 120]. In parallel with these studies,
we investigated the crystal field schemes in the last two heavy rare-earth mem-
bers of the family: ErslroO7 [116] and newly synthesised TmayIroO7 [57, 162]. Our
results, determination and parametrisation of the crystal field in A = Er and Tm
iridates, have completed the knowledge on the CF states and effects in the family
of pyrochlore iridates, and those results are introduced below.

Er;Ir;O;. The inelastic neutron scattering experiment on ErsIroO7 revealed
several energy regions containing a non-dispersive magnetic signal. Three tran-
sitions between ground state and respective excited states were observed below
20 meV. A much broader magnetic signal, consisting of several excitations, was
found at higher energy between 60 and 75 meV. Finally, only a weak magnet-
ic excitation was traced at 90 meV. No magnetic signal was observed at higher
energy. The ()-dependence of observed excitations unambiguously proved their
magnetic origin; the signal became weaker with increasing ) following well the
-dependence of magnetic formfactor of erbium. The magnetic origin of excita-
tions was further documented by the temperature evolution of their intensity; the
intensity decreased with increasing temperature as a result of the thermal popu-
lation of individual energy levels. In addition, thermally populated energy levels
allow both (de-)excitations in neutron-energy-gain (system-energy-loss) part of
the spectrum, and excitations between excited states. New magnetic excitations
were observed in Q-F spectra measured at higher temperature. A high-enough
temperature causes all states being (partly) thermally populated and all types of
(de-)excitations being manifested.

The CF excitations in ErslroO7 are well described within a standard crystal
field model. Er®* ions (J = 1—25) occupy the Wyckoff position 16d in F'd3m space
group. The point group symmetry of this position is not cubic, but trigonal: Dsg.

The crystal field Hamiltonian in Stevens notation is hence written as follows:
Hepp = BOY + BYOY + B30? + BYOY + B2OE + BEOE, (3.1)

where B]" are the crystal field parameters and O] stand for Steven’s operators

representing the erbium 4f-shell. The CF model implies a splitting of the Kramers
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Figure 3.8: (@-cuts of inelastic neutron scattering F-Q) maps of ErslroO; mea-
sured at 5 and 100 K. The solid lines represent the fit to the CF Hamiltonian
resulting in CF energies and parameters listed in Table[3.2] The figure is adopted
from Ref. [116].
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ErT 16-times (= 2J+1) degenerate ground-state multiplet into 8 doublets. In
the - F spectra, seven transitions from the ground state are expected in EryIr, Oy
at low temperature.

All 7 CF excitations were identified in EryIroO7 spectra. However, not all
excitations were well visible in the measured data (see Fig. for illustration).
Three low-energy excitations were clearly observed, as the shape of respective
well-pronounced Q-cut peaks was consistent with a single excitation. The high-
energy region contained at least two relatively broad magnetic peaks in the region
between 60 and 75 meV, just 4 meV apart. The highest energy peak at 90 meV
was also broad and of weak intensity. Counting the excitations, one excitation
was still missing compared to the CF model. The formerly missing signal was
eventually found within the 65 meV peak, which, in reality, consisted of two peaks
(see the list of energies in Table . Distinguishing the two excitations in our
data is very problematic due to resolution limitation. Nevertheless, fitting the
data considering these excitations close in energy, the agreement between mea-
sured magnetisation and magnetisation calculated from refined CF parameters
(see the discussion below), and similar excitation spectra of other Er-based py-
rochlores [I56] confirm the presence of three peaks in a broad signal between 65
and 70 meV.

In fact, a striking resemblance of the energy scheme of EryIroO7 and other Er-
based pyrochlores, especially EroPt20O7, is observed [156]. The similarity of CF
schemes documents the fact, that magnetism of Ir*™ ion has no/negligible effect
on CF scheme of Er-based pyrochlores. Differences in respective CF schemes
originate just in (slightly) different interatomic distances and bond angles in the
pyrochlore lattice by substituting a B-site cation. The atomic radii of Ir and Pt
differ negligibly, which is consistent with very similar crystallographic parameters
and therefore, similar CF schemes.

The experimental data was fitted to the model CF hamiltonian (equation
using the previously reported CF parameters for EroPtoO7 [156] as initial values.
First, the fit of the lowest temperature data was done, combining three energy
spectra measured with initial neutron energies 10, 30 and 180 meV. Refined pa-
rameters were used as starting values to fit the data measured at all temperatures.
That is, the data including the excitations from thermally populated CF states
was also fitted using the single CF model. The fitted 5 K and 100 K spectra are
presented in Fig. [3.8] and the values of final CF energies and CF parameters are
listed in Table 3.2

The determined CF scheme was tested with respect to the measured specific
heat and magnetisation data. The Schottky contribution to the specific heat
calculated from CF energies perfectly agrees with the measured data (Fig. |3.1)).
Of course, the CF scheme is also fully consistent with the temperature evolution of
magnetic entropy. The first three CF excitations are followed on both the change
of slope of the entropy curve and the entropy value at temperatures corresponding

to the CEF energies (E = kgT'). Similarly, good consistency of magnetisation

23



A_so-a) % . _b) E =180meV J20 ¢,
J60FE=30meV o\% 1 QI = (0,5) o
F1Ql = (0,2) 1108

3

2

3

[¢)

<

c

E, =120 meV 120

E: =
904 ES 1Ql = (0,5) 10
7
80+ E, 2
70+ T ES 0
&
%60-- E, g
E 50+ &
W40+ E, i
30+ E3 =
20+ =
10+ E,
oL ES

20 25 30 35 40 45 50 55 60 65 70
AE (meV)

Figure 3.9: Low-@ cuts of the difference (magnetic) TmslroO7 spectra. Black
lines represent the fits to the CF Hamiltonian, resulting in the CF parameters
listed in Table 3.2l Arrows mark the eigenenergies listed also in Table and
depicted in panel (d), as well as the energies of excitations between thermally
populated levels (arrows from below the datasets). The excitations related to the
impurity TmyO3 phase are fitted as well: green line for the thulium 24d Wyckoft
site [I60] and yellow line for a single peak identified for the 8b site [I61]. The
figure is adopted from Ref. [62].

data with magnetic susceptibility calculated from CF parameters is observed
in Fig. [B.7 The susceptibility was calculated for two local crystallographic
directions: along and perpendicular to the local (tetrahedron) <111> axes. The
average value in green perfectly fits the magnetisation data above T. Further
details can be found in our recent publications [57, [116].

TmyIr,O;. As for Tmsylr,O7 iridate, the determination of CF scheme was
more problematic than in the Er member due to: (i) Tm*" is not Kramers’ ion;
that is, not only doublets, but also singlet CF states are expected; (ii) several CF
excitations are of low intensity; (iii) energy resolution at high energy is poor, while
several excitations have relatively high energy; and (iv) investigated Tmslr,O5
sample contained several percents of unreacted TmyOj3 oxide. Therefore, we

performed the inelastic neutron scattering experiment not only on TmsyIroO7, but
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also on LuyIryO7 serving as a non-magnetic analogue (magnetic iridium is present
in both analogues). Lattice excitations (phonons; and any signal connected with
Ir - expected at higher energy [137, 157, [I58]) are supposed to be the same in
both analogues. Subtracting the A = Lu data from A = Tm data allowed us to
obtain magnetic spectra of Tmslr,O7.

Due to the secondary phase in the investigated sample, the magnetic spectra
contained not only CF excitations of TmslIr,O~, but also those of TmyO3. Thuli-
um oxide crystallises in a cubic structure (space group Ia3) with Tm cations
occupying two non-equivalent positions 8b and 24d [I59]. Point group symme-
tries of the two Wyckoff positions C'3i and C2, respectively, lead to two sets of CF
excitations. The corresponding CF schemes were previously investigated. How-
ever, only the CF scheme connected with the 24d position was unambiguously
determined [I60]. Excitations connected with the 8b position were studied only
indirectly, investigating a magnetic part of the specific heat data of TmyO3 [161].
Finding and describing the excitations of TmyO3 allowed us to observe several
non-dispersive magnetic excitations of TmsIr,O5.

The free Tm?" ion with total angular momentum J = 6 has a ground state
of 2J+1 = 13 times degenerate. The D3y point symmetry of the Tm position in
the pyrochlore lattice and the related crystal field removes the degeneracy. The
ground state multiplet is supposed to split into four doublets and five singlets.
Eight excitations are expected in TmylrsO7. However, only 4 out of 8 excitations
were observed in magnetic spectra (see Fig. . Determining the CF scheme,
that is, refining six CF parameters, utilising only four excitations, would lead to
dubious results. Therefore, we considered following points in our analysis:

(i) The model CF schemes of TmylroO; were calculated by rescaling the CF
parameters obtained by the previous INS studies on neighbouring ErsIroO; [116]
and Ybolr,O7 analogues [27]. Importantly, two calculated schemes (see Table
are considerably different. The degeneracy of respective excited states is not
the same in two models; doublet and singlet states in the schemes have different
ordering following the energy. Also, the calculated values of energy considerably
differ from experimental values with the YbsIroO7-based model, leading to much
worse agreement with measurement. See our publication [62] for more details
regarding two models differences.

(ii) Thermal population of CF levels allows for new inter-levels excitations as
discussed above. That is, the excitations between lower-energy and higher-energy
states can be observed as new excitations at relatively low energy, where the
instrumental resolution allows for unambiguous identification of the magnetic
signal. Inspecting new excitations gave us a good idea on the energies of higher-
energy excitations, which cannot be identified in magnetic spectra due to their
low intensity and poor instrumental resolution. Fitting a larger number of peaks
in the spectra permitted for a more reliable determination of the crystal field
parameters in TmylryO7.

The simultaneous fitting of all temperature and initial energy data sets using a
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single model (equation resulted in the CF parameters listed in Table [3.2]
The fit of the inelastic neutron scattering data is presented in Fig. [3.9] together

with secondary phase excitations (green and yellow curves).

Table 3.2:
ing CF eigenenergies of A3lr,O7; compounds with A = Er, Tm and Yb. Model

The crystal-field parameters in Stevens notation and correspond-

TmsylryO7 schemes derived by scaling the CF parameters of Erylr,O7 [116] and
YbolraO7 [27] by Stevens factors (Er to Tm) and transforming the Wybourne CF
parameters into Stevens notation (Yb to Tm) are provided as well. Singlet states
are marked (s); the other levels are doublets. Further details are provided in text
and Refs. [62] 116].

AslryOF Er TmP" Tm TmYP Yb
BY (1072 meV)  7.456 29.670 18.277 36.670  115.240
BY (1073 meV)  1.886 6.949 5.057 5.265  -55.840
Bi (1072 meV)  1.148 4.228 3.184 5.602 -59.420
B2 (107 meV)  9.720 -26.330  -31.260 -29.470 2333.770
B2 (107" meV) -1.473 3.981 3.873 7.166 -567.570
BS (107" meV)  2.418 -6.554 -5.890 -4.398  348.380
Ey (meV) 0 0(s) 0(s) 0(s) 0
E; (meV) 5.581 8.733 10.467 13.733 77.780
E (meV) 8.684 37.646 33.827(s) 24.350(s)  111.349
E5 (meV) 19.937  37.935(s) 36.734 32.418  151.680
E4 (meV) 64.149 65.429 56.559 60.740 —
B (meV) 65.391 83.915 72.768(s)  71.550(s) -
Eg (meV) 70.214  86.147(s) 73.868 75.259 —
Er (meV) 80.935 117.112(s) 89.239(s) 110.438(s) -
Ey (meV) ~121.177(s) 95.250(s) 113.829(s) -

Comparing the measured magnetisation and specific heat data with values
calculated from refined CF parameters and eigenenergies shows reasonable agree-
ment. See Fig. and Fig. for illustration, and section for detailed
discussion. Importantly, the accordance between macroscopic data and calculat-
ed values from the CF parameters strongly supports our interpretation of the
INS data; although not being able to unambiguously confirm the highest-energy
excitations.

The refined CF parameters of ErslroO7; and TmsylroO; were also compared
with the parameters of other A;IroO7 pyrochlore iridates [7, 27, 30]. We highlight
a noticeable systematics within the series. All iridates reveal the values of the CF
parameters of the same signs and similar magnitudes. On the other hand, the
values do not follow, for instance, the contraction of the 4f-radial-wave function
[162]. Most likely, this fact reflects the small difference in hybridisation between

the rare-earth 4f-wave function and 2p-states of eight nearest-neighbour oxygen
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anions in the pyrochlore lattice. Similar systematics is observed for the sister
AsTisO7 series [163]. We emphasise that the INS study of TmyTi,O7 revealed
the first CF excitation at 10 meV [164]. Unfortunately, no other excitations
were reported. Nevertheless, by scaling the CF parameters of other titanates,
the CF scheme of TmyTiy07 can be estimated [163]. Importantly, the estimated
TmyTisO7 scheme and the determined TmsIr,O7 scheme are generally the same.
The same excitation scheme, similar excitation energies, as well as good agreement
in comparing the CF schemes of other titanates and iridates [27, 57, 116, [163]
strongly support our refinement of the INS data and the final set of CF parameters
listed in Table [3.2]

3.2.3 Low-temperature magnetic properties

Although the Ir sublattice ordering and induced molecular field play a significant
role in the ground state properties of A5IrsO7, similarly as crystal field effects, the
low temperature behaviour is governed also by exchange interactions (generally
superexchange through the oxygen ligands) between rare-earth moments. The
low-temperature magnetic properties of most of the light rare-earth members
have been studied thoroughly, while few results had been published on the heavy
rare-earth iridates. Commencing our work on the pyrochlore iridates we aimed at
filling the gap and focused primarily on heavy AsIr,O7, leading also to substantial
low-temperature results [57, 62, [116]. Together with other authors [27] 33 165,
we completed the overall characterisation of these heavy rare-earth pyrochlores
in the last three years.

PrylrsO7 shows a metallic behaviour down to low temperature (as discussed in
the section , where a spin liquid state emerges [103], 166]. The ATAO ordering
of the Ir moments and the d-f interaction induced AIAO ordering of the Nd mo-
ments were revealed in NdyIroO7 [I15] [167]. Simultaneously, a reduced magnetic
moment on Nd was observed and ascribed to strong quantum fluctuations [101].
All-in-all-out magnetic ground state and significant electronic correlations were
reported for SmylroO7 [113]. Europium in EuylraO7 has no magnetic moment;
therefore, only the ATAO ordering of iridium moments was reported [94, [136].
Quasi-isotropic magnetic exchange between gadolinium moments in GdslryO7
leads to more complex situation, when, beside the AIAO ordering another non-
collinear arrangement of magnetic moments (Palmer-Chalker correlations) are
realised [165]. Both Ir and Tb sublattices order magnetically (AIAO ordering)
in ThylryO7 just below Ti, [28]. The ordering of Th moments is induced by or-
dering of the Ir sublattice immediately below transition temperature! Another
component of the magnetic moment, the XY component, related to the interac-
tion between Th moments, is manifested at a significantly lower temperature (10
K) [28]. In DyslIr,O7, the fragmented monopole crystal state is realised [7]. The
antiferromagnetic order and a Coulomb-phase spin-liquid were observed simulta-

neously. The fragmentation of magnetic moments under the influence of a local
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staggered field was revealed for spin-ice HopIraO7 [16§].

Focussing on the heaviest rare-earth AsIroO; members, we discuss them in
the framework of determined crystal field schemes and measured bulk and mi-
croscopic properties. The low-temperature part of specific heat of A = Er and
Yb members is dominated by a pronounced anomaly at Ty (Fig. and Table
. The magnetic origin of the anomaly, attributed to the correlations between
A magnetic moments, is supported by no similar anomaly in Lu,lr,O; data (as
well as TmylroO7 data). A comparison of the specific heat of magnetic A and
non-magnetic Lu members illustrates that the anomaly contains only very weak
electronic, lattice and iridium sublattice contributions. The crystal field origin
of the anomaly is excluded based on above presented inelastic neutron scattering
data and determined CF schemes.

The broad anomaly is connected with the magnetic entropy reaching the val-
ue of R.In(2) at the anomaly high-temperature onset, see Fig. well corre-
sponding to the Zeeman splitting of the ground state doublet. The shape of the
anomaly is not consistent with a standard second-order magnetic phase transi-
tion, but rather with short-range magnetic correlations. No long-range magnetic
ordering was inferred from the neutron diffraction data on ErslroO7, which did
not show any magnetic reflections down to low temperatures [61]. On the other
hand, the low-temperature magnetisation data show a bifuration between ZFC
and FC magnetisation below 0.5 K, suggesting a rise of the magnetic ordering.
Similarly in YbylroO7, where a development of ferromagnetic peaks, in addition
to a weak ATAO component, was observed at sub-kelvin temperatures [27].

The low-temperature magnetic correlations in both A = Er and Yb members
are well consistent with a shift of the specific heat anomaly, and related mag-
netic entropy, with an applied magnetic field to higher temperatures (Fig. [3.10)).
Importantly, only a small shift of the anomaly is observed in the low magnetic
field. Increasing the applied field above 1 T leads to a more pronounced shift of
magnetic entropy.

A completely different evolution of low-temperature specific heat is followed in
TmsIr,O7. No anomalies are revealed at low temperature. That is, no anomalies
are observed in addition to those connected with CF excitations in this com-
pound. The specific heat of TmsylroO; and Luslr,O; differ only slightly, by CF
contribution only. No magnetic ordering is, nevertheless, expected in this mem-
ber due to the non-magnetic ground-state singlet of Tm (see subsection .
In fact, our powder neutron diffraction experiment on TmsyIr,O; down to 0.2 K
showed only an ambiguous magnetic signal at a single scattering angle [62]. The
application of a magnetic field acts on the first CF excited doublet and splits it,
leading to small change of specific heat at low temperature.

Magnetoresistance measurements at low temperature reveal a decrease of elec-
trical resistivity with applied magnetic field for all investigated AsIroO7; members
[119]. The decrease of resistivity is substantial for A = Dy member, reaching

approximately 8% of its zero-field value at 2 T. A = Lu, at the end of the series,
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Figure 3.10: Low-temperature part of specific heat data measured on A;lr,O5.
Panels (a-c) contain specific heat of A and Lu members and their difference. The
Schottky contribution to the specific heat calculated from the CF energy scheme
is shown as well. On the right axis, the entropy calculated from (As-Lug)Ir,O5
data is presented. Panels (d-f) show the temperature evolution of the specific
heat in the applied magnetic field. The figure is adopted from Ref. [57].

reveals only small negative magnetoresistance (within 1%). The other members’
resistivity drops fit in between the two extremes, while it seemingly develops with
the atomic number of rare-earth element or alternatively with a size of magnetic

moment on A3 cation. In fact, the magnetoresistance is tightly connected with
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the exchange coupling between A and Ir ions, which is strongly influenced by the
rare-earth magnetic moment. Two important observations were made. First, no
hysteresis was detected between magnetoresistance curves measured with increas-
ing and decreasing magnetic field. Second, the effect of magnetic field becomes
weaker with an increasing temperature. At 10 K, a comparable electrical resis-
tivity was observed in the zero and 9 T field. Above 15 K, there is no difference
followed in electrical resistivity measured in zero field and high magnetic field.
The application of a magnetic field affects the electrical resistivity of heavy
rare-earth iridates solely at low temperature, where the magnetic correlations be-
tween A moments are strong. At higher temperature, hardly detectable change
of the electrical resistivity with applied magnetic field could be traced. It could
support the scenario discussed above (section on ferromagnetic domain
interfaces on the Ir sublattice. No change of magnetoresistance at higher tem-
perature shows the robustness of interfaces below Ti,. At lower temperatures,
the interaction between the two sublattices becomes stronger, the interactions
between rare-earth moments set in, and the electrical resistivity is strongly influ-
enced by an applied magnetic field. The insulating state of A3Ir,O7 related to the
antiferromagnetic ordering of Ir sublattice is influenced by the magnetic field via
the d-f interaction between Ir and A moments. That is, the magnetic field affects
the A moments (possibly magnetic monopole-like states [33]), they couple with
Ir moments via d-f interaction, and the Ir domain-interface structure is changed,
leading to a significantly reduced electrical resistivity. This assumption is further
supported by non-magnetic lutetium Luylr,O7 data showing no such drop in the

electrical resistivity upon application of a magnetic field.
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4. (lobal and local structures in

A9ZiroO~ zirconates il
Introduction to publications: [1l, 3], 5}, [6, 13}, 14}, 15}, [17]

In addition to heavy rare-earth iridates AslrsO7, we focussed in our work on
physical properties and mainly details of the crystal structure of AsZr,Oy zir-
conates. These compounds remain in the forefront of scientific interest within
the condensed matter community not only for their frequently complex electronic
properties [27], [33] 169, 170], similar to their Ir counterparts, but also for their ap-
plication potential. Heavy A;Zr,O; are expected to serve as solid oxide fuel cells
due to their high ionic conductivity [49] [I71], thermal barrier coating [50} [172],
as negative-temperature-coeflicient thermistors [173], or as nuclear waste stor-
age [51l [I74]. Considerable attention has been aimed at finding materials with
improved thermomechanical properties and higher ionic conductivity. All these
properties are naturally closely connected to details of their crystal structure.

The light rare-earth AsZr,O; compounds were reported to crystallise in the
pyrochlore structure; isostructural to the A5Ir,O7 counterparts. Heavy rare-earth
members of the series, in contrast, adopt the defect-fluorite structure [175, [176].
See subsection for details on these crystal structures, their transformations
and interconversions. Moreover, thermodynamic drive for A/Zr mixing in heavy
A members, induced by more similar ionic radii of A and Zr (compared to A
and Ir), leads not only to the disordered defect-fluorite structure, but ultimately
to a lower-symmetry rhombohedral structure. The LusZrsO; end-member was
reported (and simultaneously confirmed by our study below) to crystallise in the
rhombohedral structure [43, 45, 177]. Furthermore, other nominally (average,
Rietveld) defect-fluorite members of the series reveal the same lower-symmetry
structure as LuyZroO; on a local scale [45]. The detailed characterisation of
these structures and local correlations in AyZr,O7, as well as AyTiy_,7Zr,O7, is
discussed below in sections [4.2] and 4.3l

For future applications, a complete picture of structural properties is impera-
tive, particularly for an accurate modelling and a prediction of ionic conductivity
pathways, relationships between the structure and physical properties, and ma-
terial stability under extreme conditions. In addition to the crystal structure in-
vestigations, the assessment of the technical applicability of AsZryO7 zirconates
requires a detailed study of their physical properties. Light-A members have
been thoroughly studied [I78|, 179 180]. However, investigations of heavy rare-
earth materials were mostly limited to mechanical and structural properties in
high-temperature and high-pressure regions [I81], [182] [183] [184]. In the follow-
ing section [4.1], we focus just on low temperature properties of heavy rare-earth

Ay7Zr507 zirconates.
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4.1 Low-temperature properties q

Introduction to publications: [1}, 3, 13|, 14, [I7]

Light rare-earth zirconates adopting an ordered pyrochlore structure have been
extensively studied for their complex electronic properties. An octupolar quan-
tum spin-liquid (QSL) phase was recently reported in CeyZr,O [I78]. Important-
ly, the octupolar nature of magnetic moments makes the QSL phase less prone
to chemical disorder at magnetic sites, which is a general problem in other QSL
candidates [179]. Antiferro-quadrupolar spin liquid state with spin-ice-like exci-
tations, as well as dynamic interactions between lattice vibrations and magnetic
degrees of freedom, were revealed in PryZr,O [180, 185]. Magnetic moment frag-
mentation and the coexistence of a fluctuating spin-liquid (Coulomb phase) with
ferromagnetic interactions were reported for NdsZroO7 [180].

Heavier rare-earth A;Zr,0O7, especially those crystallising in the defect-fluorite
structure, were studied rather scarcely. (Numerous studies on material proper-
ties have been published, though.) Only several reports on their low temperature
properties have been published, e.g. Refs. [186] [I87]. Recently, in addition to
our studies of EryZryO7 single crystal [71], [188], also A = Gd, Dy and Ho mem-
bers were investigated. The disordered structure prevents long-range magnetic
ordering in Dy,Zr,07; however, the intuitively expected spin glass state is not
realised in this material [I89]. Instead, a disorder-induced dynamic magnetic
ground state on a geometrically frustrated lattice was proposed [190]. The other
heavy rare-earth zirconates (A = Gd - Er) show no freezing of spins down to the
lowest temperature, unless a magnetic field of about 1 T is applied [191) 192].
Substituting the A-site cation seems to lead to negligible changes in the magnet-
ic properties of these materials, compared to the exhaustively studied A;TizO7
analogues (e.g. [193], 194], 195, 196] and references therein). We completed an
overview on low-temperature properties of heavy rare-earth zirconates by investi-
gating newly synthesised single crystals EryZroO7, TmsZroO7 and YbyZraO7 (see
Fig. by means of magnetisation and specific heat measurements.

Magnetisation. High-temperature magnetisation revealed a standard de-
pendence on the temperature in the paramagnetic state (Fig. and was fitted
to the Curie-Weiss formula. The effective magnetic moment, g, and the para-
magnetic Curie-Weiss temperature, 0, values were determined. See Table for
respective values. A good agreement between experimental u.g values and the
values expected for the A3 free ions was followed: Almost perfect agreement
was determined for EryZroO7, which is also in concordance with an independent
study on the polycrystalline sample [I91]. peg slightly larger than that for the
respective free ion was observed in TmyZr,O7 and YbyZr,O7. Explaining high-
er [eg value considering a small A-off-stoichiometry caused by the laser furnace
working on the limit of its capabilities and transparent white ingots (Erbium-

based samples have a pink colour, allowing better absorption of the radiation.)
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Table 4.1: Structural parameters and low-temperature properties of investigat-
ed AZr,O; compounds: constituent-elements ratio A:Zr; ratio of atomic radii
r4/T7:, Space group, lattice parameter a, total angular momentum of A3* free
ion J4; saturated and effective magnetic moment for the A** free ion pZ' and pl;
effective magnetic moment ps and paramagnetic Curie temperature 6, from fit
of the magnetisation data to the Curie-Weiss law; value of magnetic moment in
7 T applied magnetic field p/*, temperature where magnetic response to magnet-
ic fields becomes non-linear Ty, temperature of the low-temperature anomaly
in specific heat data Ty, and frustration index f. The data is adopted from our
publications [177, [198].

EI‘QII‘Q 07 TmQII'Q 07 Yb21r207 LHQII'Q 07

AZr (%%) 50(2):50(2) 50(2):50(3) 50(2):50(2) 50(2):50(2)

TA/T7: 1.43 1.42 1.40 1.39
space group F'm3m Fm3m Fm3m R3
a (A) 5.196(1) 5.1788(5) 5.165(1) 9.666(3)*
JA 7.5 6 3.5 0
1 (ps) 9 7 4 0
p (1B) 9.58 7.56 4.54 0
et (14B) 9.50(3) 7.80(3) 4.80(3) n/a
6, (K) -12.5(4) -38.6(5) -118.0(8) n/a
ul™ 4.79(2) 2.13(2) 1.83(2) n/a
Tur (K) 30(2) 29(2) 21(2) n/a
Tir (K) 0.9(1) — 1.5(1) n/a
f 15 — 79 n/a

* ¢ = 8.960(4) A, thombohedral crystal structure in the hexagonal description

n/a - not applicable, Lu®" is non-magnetic

is plausible. However, no off-stoichiometry was observed in the EDX data. Neg-
ative paramagnetic 0, suggests antiferromagnetic correlations in all investigated
AZr,07 members. Interestingly, the 6, increases noticeably from A = Er to A
= Yb. The same trend has been observed in another heavy rare-earth A, B>0O7
series: AslryOy iridates crystallising in pyrochlore structure [57]. However, the
trend is not universal for the A, B;0O7 family of oxides. Different behaviour was
reported for A,;Ti;O7; members. Namely, YbyTiyO;7 shows a small positive 6,
suggesting rather ferromagnetic correlations between nearest-neighbour moments
[197]. Moreover, large values could be ascribed to only high-energy CF excita-
tions, giving little information about ground state ordering.

Low-temperature magnetisation is dominated by two effects: (short-range)
correlations between rare-earth moments and the crystal electric field. No clear

difference between the magnetisation measured under zero-field-cooled and field-
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Figure 4.1:  Magnetisation measured under ZFC regime with magnetic field
applied along the [111] crystallographic direction of A;Zr,O7 single crystals with
A = Er, Tm, and Yb. The temperature evolutions of the magnetisation in an
applied magnetic field at a low temperature are presented. The susceptibility and
the inverse susceptibility measured in the whole temperature region are plotted
in the insets, together with fits to the Curie-Weiss formula (yellow dashed lines).
The blue line in the inset of panel c) stands for fit of the data to the modified
Curie-Weiss formula. The figure is adopted from Ref. [177].

cooled regimes was observed down to 2 K. On the other hand, well-observable
bifurcation between magnetisation curves measured in different magnetic fields
below Tyt is revealed in all AyZroO7 members (see Fig. and Table . Es-
sentially the same behaviour, with similar Tyt values, has also been observed
in A5IryO7 pyrochlores and ascribed to the rare-earth magnetism [57]. Simulta-
neously, only a small anisotropy is observed inspecting the magnetisation data
measured with the small magnetic field applied along principal crystallographic
directions for all members [I77]. In accordance, almost isotropic isothermal mag-
netisation was measured on respective compounds. The measured data does not
indicate any sign of a phase transition induced by the applied magnetic field in
any AsZr,O7 compound.

Importantly, the magnetisation value reached in the magnetic field of 7 T at
1.8 K, 7" (see Table [4.1), is significantly lower than the expected value for the
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A3T free ion. Although the magnetisation curves are not fully saturated in the
applied magnetic field of 7 T, they are unlikely to reach the expected value of p
in higher field. The saturated value would still be, at least, 50% lower than the
theoretical value. The reduced value of saturated magnetisation suggests a strong
crystal field anisotropy as speculated analysing the polycrystalline data in Ref.
[191]. However, an almost isotropic response was observed by our single crystal
measurements [I77]. A-off-stoichiometry cannot explain such a large difference;
the off-stoichiometry must be enormous (more than 50%), which is not supported
by EDX analysis, X-ray diffraction data, or determined u.g values. Fitted peg
values simultaneously exclude another tempting explanation: Change of valence
of rare-earth ions on the atomically disordered lattice and related decrease of the
total magnetic moment. Strong spin multipolar fluctuations reducing the total
magnetic moment were proposed and partly confirmed in NdyZr,O; pyrochlore
[199]. Such an explanation could also be used for heavy rare-earth zirconates
considering a similarly reduced magnetisation observed for both pyrochlore and
defect-fluorite members.

Specific heat. The specific heat data reveal no anomalies in the higher tem-
perature region, in good agreement with the magnetisation data. The low temper-
ature specific heat is then dominated by the crystal electric field effects and a split-
ting of the ground state multiplet in internal magnetic field generated by short-
range correlations between magnetic moments of rare-earth cations (Fig. . A
qualitatively different low-temperature specific heat is observed comparing the
EryZroO7 and YbyZroO; with the TmyZr,O; data. Well-pronounced anomalies
at Tyr (Table are revealed by A = Er and Yb members with a double de-
generated ground state protected by symmetry (Kramers’ theorem). Considering
the highly disordered defect-fluorite structure with A and Zr cations sharing the
same Wyckoff site, the anomalies in specific heat are connected rather with spin
freezing in these systems, not long-range ordering. In contrast, TmyZr,O; data,
with Tm?* being non-Kramers’ ion, exhibit a broad anomaly at higher tempera-
ture. The character and broadness of the anomaly suggest its (pure) crystal-field
origin. That is, it reflects the excitations between ground state singlet and excited
crystal field levels.

Both, short-range magnetic correlations and crystal field effects are further
illustrated by the shift of the specific heat anomaly (and the magnetic entropy)
to higher temperatures with an applied magnetic field. The same evolution of the
anomaly is followed for A = Er and Yb members, suggesting ferromagnetic cor-
relations in these compounds. Such a conclusion would be, however, in conflict
with the negative (for A = Yb member highly negative; Table paramag-
netic Curie-Weiss temperature. The spin-glass state or a freezing of magnetic
moments on disordered geometrically frustrated lattice in the applied magnetic
field is thus proposed. TmyZr,O7, on the other hand, reveals much weaker ef-
fect. The anomaly is much broader and there is almost no difference between

zero field data and data measured in relatively high magnetic field of 1 T . The
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Figure 4.2:  Specific heat of A3Zr,0O7; compounds. Temperature dependence
of the specific heat is presented for respective members, together with the non-
magnetic LuyZryO7 analogue, and their difference standing for magnetic part of
specific heat. The insets contain magnetic entropy calculated from the magnetic
contribution to the specific heat. The theoretical value of the entropy R.In(2) for
a doublet-ground-state splitting is marked. See the text for details. The figure is
adopted from Ref. [177].

difference between investigated members is even better illustrated inspecting the
magnetic entropy. The entropy is reaching the value of R.In(2), corresponding to
the doublet-ground-state splitting in the internal magnetic field, just above the
high-temperature onset of the specific heat anomaly in EryZroO; and YbyZroOr
(see insets in Fig. [4.2). The magnetic entropy of TmyZr,O; reaches the same
value at the significantly higher temperature, not corresponding to the ground
state doublet splitting. Instead, the ground state singlet is proposed, similarly as
in pyrochlore analogues Tmylr,O7 [57, 62] and TmyTi,O7 [62] 164, 200].

With the knowledge of paramagnetic Curie-Weiss temperature and tempera-
ture of the specific heat anomaly, one can calculate the so-called frustration in-
dex, f. The frustration index is introduced as a ratio between ¢, and any kind of
magnetic transition temperature (in our case Tyr) [201I]. When f >> 1, a strong
frustration in the system is present, irrespective whether arising from geometry of
the underlying lattice or bond disorder induced by lattice dilution. Defect-fluorite
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structure is both: atomically disordered structure with A/Zr cations sharing the
same crystallographic position, and geometrically frustrated structure - fcc lat-
tice of cations. Large f values (Table were calculated for EryZr,O; and
especially for YboZr,Or, strongly supporting spin glass ground states or freezing
of magnetic moments at the low-temperature. As no low-temperature specific
heat anomaly was observed in TmyZr,O; with singlet ground state, the f index

cannot be calculated.

4.2 Average and local crystal structures q

Introduction to publications: [1}, 3], [L3], [L5}, and [17]

The majority of the A BoO7 oxides crystallise in a cubic structure of the so-called
pyrochlore-type (space group F'd3m), see Fig. The pyrochlore structure, with
both A and B sites separately forming lattices of corner-sharing tetrahedra, rep-
resents a canonical example of a frustrated lattice. Long-range-ordered magnetic
ground-states in compounds with magnetic A or B cations are suppressed due to
competing exchange interactions. Instead, frustrated and strongly correlated un-
conventional ground-states are formed [44] 202, 203]. Another group of A;B,O7
oxides crystallise in the so-called defect-fluorite-type of cubic structure (space
group F'm3m). The defect-fluorite structure is also a geometrically frustrated
lattice, as the cations form the fcc lattice. In contrast to the fully ordered py-
rochlore lattice, the defect-fluorite lattice is characterised by a complete disorder
of A and B cations in the single Wyckoff position, and disorder of seven oxygen
anions and one vacancy in the second crystallographic site with the multiplicity
eight |71}, 204]. For these structural properties, the respective compounds have
significant application potential [I71], 172, 174]. In addition, an orthorhombic
structure with the space group Pnma and monoclinic structure with the space
group P21 have also been observed/proposed for several members of the fami-
ly [208, 206]. Very recently, another type of a crystal structure, rhombohedral
structure with space group R3, was reported for LuyZr,O7 zirconate [204].

The crystal structures of A;B>0O; have been frequently discussed from the
viewpoint of the size ratio between the A and B cations (r4/rg). Empirically,
the compounds with high values of r4/rp crystallise in lower-symmetry struc-
tures. The region of the stability for the pyrochlore structure is between ap-
proximately 1.48 < ra/rp < 1.63. Lower values of r4/rp ratio are typical for
compounds crystallising in the defect-fluorite structure. The transition between
structures, especially cubic variants, could be understood in the following way:
For heavy rare-earth elements and light B elements, the size difference between
ions is reduced, leading to a considerable thermodynamic drive for the A/B mix-
ing [175], [I76]. Ultimately, a fully disordered defect-fluorite structure is realised.

However, recent studies have shown that this explanation, although consistent,
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Figure 4.3: Laue X-ray diffraction patterns of investigated AsZr;O7 single crys-
tals: EryZroO7 along [111] direction (three-fold symmetry) (a), TmayZroO7 along
[100] direction (four-fold symmetry) (b), YboZryO7 along [110] direction (two-fold
symmetry) (c). LusZroO7 crystallises in a different, lower-symmetry structure
(space group R3). Its Lauegram on panel (d) is to be compared with panel (b).
Additional reflections in LuyZr,O7 patterns are observed around the center of the
Lauegram, as well as elsewhere (one of the regions of difference is highlighted by
the red circle). The figure is adopted from Ref. [177].

is not fully satisfactory, as demonstrated in the AsZr,O7 series: Light rare-earth
members (A = La - Eu) crystallise in an ordered pyrochlore structure. Heavy A
= Gd - Yb members adopt an average defect-fluorite structure, instead. However,
on a local scale they reveal different lower-symmetry structure [43, [45]! The inves-
tigation and identification of the cubic average and low-symmetry local structures

in AyZr,0O7 series have been the aim of our research introduced below.

4.2.1 Average structures, Rietveld refinement

Single crystals synthesised using the optimised methods described in section
were investigated by means of X-ray and neutron diffraction techniques. Un-
like X-rays, which interact strongly with the material and typically only probe
the surface of a crystal, neutrons interact more weakly and penetrate the entire
crystal allowing a confirmation of the quality of the entire volume. The Laue
X-ray and neutron diffraction patterns indicate that all the investigated A;Zr,O7
single crystals are single-phase and high-quality in the volume, see Figs. [2.8]
, and . The light rare-earth members (A = La, Nd, and Eu) crystallise
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a) Nd,Zr,0,

c) Yb,Zr,0,

a

d) Lu,Zr,0,

Figure 4.4: Neutron Laue diffraction patterns of selected A5Zr,O7 single crystals
measured using the CYCLOPS diffractometer at the Institute Laue-Langevin,
Grenoble, France, representing three crystal structures: the pyrochlore structure
of NdsZr,O7 (a), the defect-fluorite structure of newly synthesised TmyZr,07 (b)
and YbeZr07 (c), and the slightly distorted rhombohedral structure of LusZryO7
(d). The calculated patterns for the respective structures are presented as well;
regarding LuyZr,O7, the calculated patterns of defect-fluorite structure are shown
for the clarity of presented data and to highlight the difference between the two
structures. The figure is adopted from Ref. [99].
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in the pyrochlore-type of structure; see Fig. for illustration. No superstruc-
ture peaks or signs of additional phases are observed in the diffraction patterns.
The defect-fluorite structure model fits well for heavier-rare-earth members (A =
Gd, Tb, Dy, Ho, Er, Tm, and Yb), as well as A = Y member. The diffraction
patterns of LusZryO7 resemble the defect-fluorite structure; we intentionally fit-
ted the Laue neutron diffraction patterns in Fig. [£.4d using the defect-fluorite
model (with the lattice parameter a = 5.19(5) A). However, a large number of
weaker reflections cannot be described by this model. The model based on the
rhombohedral structure must be used (Table [4.1]), see subsection [4.2.2]

Importantly, no further reflections, in addition to the defect-fluorite ones,
were observed in the Laue patterns, X-ray and neutron, of other heavy rare-earth
zirconates. Such an observation is somewhat surprising, especially in regard to
YbyZryO7 (Fig. [4.4k) which could be assumed to be a border compound between
the defect-fluorite part of the series and the rhombohedral LusZroO;. Therefore,
we further investigated YbyZroO; using the powder neutron diffraction technique
[99]. The diffraction patterns were well described using the defect-fluorite struc-
ture model. No additional peaks were observed. However, a broad signal was fol-
lowed on top of the background, strongly supporting the presence of short-range
structural correlations in this zirconate. Signs of short-range structural correla-
tions in powder X-ray and especially synchrotron X-ray diffraction patterns were
observed in all heavy rare-earth zirconates (A = Gd - Yb) [45, 99, [198]. Although
no clear extra peaks were seen in the patterns, a broad additional signal on top
of the background and signs of tiny superstructure peaks were followed.

The X-ray and synchrotron X-ray diffraction patterns of A;Zr,O7 were refined
using respective pyrochlore, defect-fluorite, and rhombohedral models, leading to
lattice and structural parameters listed in Table and Refs. [99, 198]. The
refined lattice parameter a of the cubic lattices develops monotonically with A, as
illustrated in Fig. [£.5] The development of a follows the lanthanide contraction.
That is, the lattice parameter in Ay BoO7 decreases with increasing atomic number
of the rare-earth element. Similar development is manifested for compounds
crystallising in both pyrochlore and defect-fluorite structure. A smooth evolution
of the lattice parameter within the whole series is illustrated by re-scaling the
defect-fluorite unit cell to the pyrochlore unit cell (multiplied the lattice parameter
by a factor of two). Generally, the same evolution of a with the ionic radius of
rare-earth atom is followed in A;TiyO7 titanates [207], AsHf;O; hafnates [208|
200, 210, 211], and AsIryO7 iridates [57, 6], 65, 135, 212].

The lattice parameters of the Y,B50; analogues were expected to fit in-
between those of A = Dy and Ho members, being closer to the Hoy BoO; param-
eters, due to the respective sizes of their ionic radii. Indeed, YoB2O7 crystallise
in respective crystal structures of heavy rare-earth analogues. However, their
lattice parameter systematically fits in-between parameters of A = Ho and Er
members, instead. GdyZr,O; and Dy,Hf;O7 stand on the border between the

defect-fluorite and pyrochlore stability regions. The approximate border between
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Figure 4.5: Development of lattice parameters with ionic radius of the rare-earth
A3T ion. The lattice parameters of A,Zr,07 and A;Hf;O; members crystallising
in the defect-fluorite structure (open symbols) were re-scaled (multiplied by a
factor of two) to better follow the evolution within the series and compare it to
pyrochlore Ay BoO7 analogues (closed symbols). The lattice parameters of titanes
[207], iridates [57, [61], 65 135 212], and hafnates [208, 209] 210, 21T] were adopted
from the respective (our) publications. The lattice parameters of the YoB5,07
compounds are indicated by crossed symbols. GdsZr,O7 and DyyZr,O7 form the
approximate border between the pyrochlore and defect-fluorite structures (dashed
line). A2TiyO7 (A = Nd, Pr, La) crystallise in a different, monoclinic structure
[213]. Therefore they are not depicted. The figure is adopted from Ref. [99].

the two regions is indicated by dashed line in Fig. The lattice parameter of
the ThyZr,O7; member also lies on this border. Nevertheless, its diffraction pat-
terns clearly indicate the average defect-fluorite structure. Fine structural details
of AyZr,O7 are discussed in the following subsection [4.2.2]

4.2.2 Local environment, pair-distribution-function

To address all uncertainties related to the crystal structure (Fig. and ex-
pected local structural correlations, we performed total scattering experiments
on most of heavy rare-earth A5Zr,O7 zirconates and analysed the measured pair-
distribution-function. The samples were investigated using both synchrotron X-

ray and neutron scattering to obtain complementary information. A better resolu-
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Figure 4.6: Crystallographic structures of AsZroO7 zirconates: (a) cubic
pyrochlore-type (space group Fd3m), (b) cubic defect-fluorite-type (space group
Fm3m), and (c) rhombohedral structure (space group R3). In the latter two
cases, the A and Zr atoms share the same crystallographic positions, and oxygen
sites are only partly occupied. The black lines in (a) and (b) represent respective
unit cells. The unit cell in (c) is not shown because the structure is oriented
along the former two unit cells and, therefore, the unit cell is not reasonably
portrayable. The figure is adopted from Ref. [99]. Compare the structures with

respective structures in Fig. [I.4]

tion of X-ray diffraction and higher sensitivity of neutrons to oxygen were utilised.
Importantly, the structures discussed in further text were probed by simultane-
ously refining four sets of data (if available for specific A3Zr,O7 compound); that
is, X-ray and neutron diffraction patterns and pair-distribution-functions. The
respective data and their comparison is presented in Fig. [£.7] and Fig. [4.§

LayZrs0O7 compound was measured as the representative of the pyrochlore
part of the series. All data, neutron and synchrotron radiation diffraction and
PDF, were, indeed, described by the F'd3m structure. Heavier rare-earth A;Zr,07
zirconates revealed considerably different diffraction patterns compared to end-
members of the series (Fig. ; perfectly in agreement with the data discussed
in precious sections. A = Dy - Tm patterns are almost identical and were well de-
scribed with the defect-fluorite structure (see our publication in preparation [45]).
Also crystal structure of the YbsZroO; member with slightly different diffrac-
tion patterns was identified with the F'm3m structure. However, the LuyZr,O-
end-member reveals completely different diffraction patterns, which we confirmed
(previously reported in [204]) to be consistent with the rhombohedral R3 struc-
ture. Comparing the diffraction patterns of the end-members with other heavy
rare-earth zirconates, no clear similarities were traced.

In contrast, inspecting the PDF data in Fig. lead us to the conclusion
that PDF pattens of heavy A5Zr,0O5 including the A = Lu end-member are very
similar. Prominently similar PDF data strongly suggest, at least, similar local ar-
rangement of ions in the unit cells of LuyZr,O7 crystallising in the rhombohedral
structure and the rest of heavy rare-earth zirconates adopting the defect-fluorite
structure on average (Fig. . Indeed, fitting these PDF data using the rhom-
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Figure 4.7:  Diffraction patterns of the rare-earth AyZr,O; zirconates. Left
column shows neutron diffraction data and right column presents synchrotron
X-ray diffraction data for individual members. Clear differences between py-
rochlore LayZr,O7, defect-fluorite AyZr,O; with A = Dy - Yb, and rhombohedral

LuyZryO7 members is followed (also by colour code).

bohedral model of LuyZr,O7 leads to a good agreement [45]. We once again
highlight that the average (global, Rietveld refined) structures of LuyZr,O7 and
other heavy rare-earth zirconates are not identical (Fig. @, whereas they re-
veal (almost) identical pair-distribution-function patterns and therefore likely the
same local structures.

In fact, refining the PDF patterns of heavy rare-earth A;Zr,O7 resulted in

the rhombohedral structure model identical to that of LuyZr,O7. Several trials
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Figure 4.8:  Pair-distribution-function patterns of the rare-earth AsZr,O; zir-
conates. Left column shows neutron PDF data and right column presents syn-
chrotron X-ray PDF data for individual members. The difference between PDF
data of pyrochlore LayZroO7 and of the rest of the investigated members is ob-
served. Surprisingly, all heavy rare-earth members reveal almost identical PDF
patterns, including the LusZr,O7 end-member. Colour code is the same as used
for diffraction data in Fig. [1.7]

were conducted; see example in Fig. First, the defect-fluorite structure
model, the model optimised fitting the diffraction patterns of heavy rare-earth
zirconates, was used. A strong disagreement was observed comparing the PDF
data and model. A slightly better agreement was followed using the pyrochlore

model, but some features in the data were still not sufficiently reproduced. Next,
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Figure 4.9:  Neutron (top row) and synchrotron X-ray (bottom row) pair-
distribution-function (PDF) of EryZryO7 fitted by four structural models. The
data (blue dots), model (red line) and difference curve (green line) are presented

together with the agreement factor for each model.
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the so-called weberite structure model was employed. This model was introduced
for the HoyZr,O7 member in [43] and confirmed by the DFT calculations to be
energetically more stable than other two models. Nevertheless, comparing our
PDF data with the weberite model shows only a slightly improved agreement,
with respect to, e.g., pyrochlore model. Therefore, we commenced the search
for the correct local structural model. The symmetry modes of the system were
analysed using the Isodistort program [214] 215]. Checking individual modes
and their effect on the diffraction and PDF patterns (program Topas) resulted
in a model identical to the rhombohedral structure of LusZrsO;. Refining the
AsZry0O7 data with this model led to reasonably good fit as illustrated in Fig.
[4.9d, and we consider it as a well-justified solution.

Our experimental results were also supported by the theory. The density
functional theory (DFT) plane-wave calculations were performed following pre-
vious studies of pyrochlore-type compounds [216, 217, 218, 219]. The model
structures of pyrochlore, defect-fluorite and weberite used for calculations were
exactly the ones used in [219]; that is, produced with the special quasirandom
structure approach [220]. The R3 structure was modelled with a supercell con-
taining 231 atoms with ions distributions reflecting the experimentally refined
values. The configurational entropies of the disordered structures were computed
from fractional compositions using standard formula as applied in previous studies
[218, 216], 219]. See our publication in preparation at the end of the present thesis
[45] for details. For the heavy rare-earth A;Zr,O; zirconates, the R3 structure
is clearly energy preferred structure, compared to the weberite structure report-
ed previously for the HoyZr,O7 member [43], as well as defect-fluorite structure.
That is, our experimental and DFT results are perfectly in agreement, allowing
us to unambiguously designate the rhombohedral R3 model as a local crystal

structure of the heavy rare-earth A;Zr,O; zirconates.

4.3 Ti-Zr substitution in A>Zr,0-
Introduction to publications: (1}, 3], [5}, [6l, and unpublished.

Following the studies of average and local structures and correlations in AsZr,O5
compounds, we have aimed our attention at B-substituted Ery(Ti,Zr),O7 and
Luy(Ti,Zr)o07 series’.

In the course of our recent X-ray and neutron diffraction and pair-distribution-
function (total scattering) studies of AyZr,O7 series, we found out that the local
structure of heavy rare-earth members (including EryZr,O7) differs from the aver-
age (global) defect-fluorite structure (subsection [£.2.2)). The rhombohedral struc-
ture, which was previously reported as an average structure of LuyZryO7 [204]
(confirmed by our recent study [45]), has been identified as the local structure

of this part of the series. We note a previous publication on HoyZr,O; member

76



reporting different local structure [43]. Our recent joint experimental and theo-
retical study [45] showed that the rhombohedral structure allows a better data
description than the previously reported structure.

Although our local-structure study brought a lot of information about heavy
rare-earth zirconates, it missed one crucial point. That is, our study on A;Zr,O7
did not allow us to reveal the details of the boundary between the pyrochlore and
defect-fluorite parts of the series. GdsZr,O7 zirconate, representing the very bor-
der between the two cubic structures [75] [183] 222], contains a natural mixture of
Gd isotopes with enormous absorption cross-section for neutrons. Its effective in-
vestigation by neutron scattering is therefore significantly hampered /impossible.
Simultaneously, it has been shown in subsection that only joint analysis of
X-ray and neutron data leads to unambiguous results. Therefore, we decided to
opt to study the Ery(Ti,Zr)207 and Lug(Ti,Zr),O7 series’, where the isoelectronic
Ti-Zr substitution leads to the change of crystal structure in a similar way as
in the A5Zr,07 series substituting rare-earth element; see Fig. Of course,
such an approach is connected with an additional disorder in the lattice. Regard-
ing the defect-fluorite lattice, a single Wyckoff position is shared by A, Ti, and
Zr cations. Such disorder naturally complicates the interpretation of structural,
magnetic, and material properties’ even more than in the A;Zr,O7 series.

Er,TisO; and LusTisO; end-members crystallise in the pyrochlore crystal
structure [207], while EryZr,O7 adopts the defect-fluorite structure and LuyZryO7
exhibit a lower-symmetry rhombohedral structure [45, 204]. Starting with the
pyrochlore Er,TisO7, the substitution of Ti by Zr is to affect the average and local
structures by increasing the disorder on the B site, while maintaining the point
symmetry of the Er site. Large Ti-Zr substitutions will lead to further mixing of
cations at both A and B sites, ultimately leading to the average defect-fluorite
structure. Although locally, only partial disorder and rhombohedral structure
will be realised, as demonstrated in the parent EroZroO; [45]. Luy(Ti,Zr),05
series is expected to exhibit even more complicated phase diagram. The Ti-Zr
substitution is likely to induce the transition from the ordered pyrochlore, through
the disordered defect-fluorite, to a partially ordered rhombohedral structure, as
schematically indicated in Fig. [4.10]

We synthesised a number of polycrystals and mainly single crystals sufficient-
ly covering the Ery(Ti,Zr);O7 and Luy(Ti,Zr),O7 series’ and investigated them
by techniques introduced above for the A;Zr,O; series. In addition to sample
characterisation using electron microscopy, laboratory X-ray diffraction, specific
heat, and for A = Er series magnetisation measurements, advanced experimental
techniques were employed. Namely, synchrotron X-ray and neutron diffraction
and pair-distribution-function experiments [223] revealed the fine details of aver-
age and local structures in the two series, mostly confirming our assumptions on
structure evolution with Ti-Zr substitution. Moreover, for Ti-Zr concentrations
close to the border between the pyrochlore and defect-fluorite domains, addition-

al reflections - inconsistent with any of the above introduced structures - have
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Figure 4.10:  Schematic phase diagram of crystal-structure-types of A;ByO7
oxides, including our recent results. Atomic radii of A and B cations are plotted
on respective axes. Individual cations and oxygen anions orderings in structures
relevant for our research are presented. The vertical arrow indicates the A3Zr,O5
series, and the horizontal arrows demonstrate Ery(Ti,Zr)2O7 and Luy(Ti,Zr),07
series’. The figure was adopted from the bachelor thesis of J. Zelenka [221] and
slightly modified.

been observed. Furthermore, EryTi; ¢Zrg4O7 and LuyTi; ¢Zrg4O7 compositions,
being deeply in the pyrochlore domain, revealed completely different diffraction
patterns. Importantly, the same patterns were observed in both A = Er and Lu
members! The superstructure is being evaluated at the moment.
Simultaneously, the thermal stability of selected members and evolution of
their structural parameters were followed up to extremely high temperatures using
powder neutron diffraction. All investigated members showed stable pyrochlore
and defect-fluorite structure, respectively, up to 1600 °C. No additional peaks or
change of intensity on respective peaks were observed. Standard lattice expansion
with increasing temperature was followed. The data is currently being processed.
In addition, phonon modes, their dispersion, and crystal field schemes of se-
lected Ery(Ti,Zr)2O; members were recently investigated using inelastic neutron
scattering technique [224]. The experiment allowed us to follow the systematics

in the series’ depending on the details of (local) structure of respective members.
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The measured spectra changed significantly with substituting Ti by Zr, reflecting
the change of the local crystallographic environment, point group symmetry, of
Er cations in the respective lattices.

All these briefly introduced results are very recent; most of the data was
measured in the second half of the year 2023 and at the beginning of the year
2024. We plan to publish these results (at least four publications) in the following

year/s.
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5. Conclusions and prospects hl

The present habilitation thesis summarises the outcomes of my six-year scientific
work that has been focused on a family of geometrically frustrated A;BsO7 ox-
ides, especially rare-earth iridates and zirconates. The results I have collected in
collaboration with my colleagues and mainly students have been presented in 17
publications, so far. Further results, just briefly introduced in the present thesis,
will be published in the near future.

The thesis overviews our exciting journey establishing the topic of frustrat-
ed magnetism on the ground of the Department of Condensed Matter Physics,
Faculty of Mathematics and Physics, Charles University. During the six-year pe-
riod, we have searched for and eventually mastered the optimal synthesis routes
for preparation of high-quality polycrystalline samples and mainly single crystals
from the A;B>0; family; and investigated them by a spectrum of experimental
techniques ranging from standard laboratory methods to advanced microscopic
techniques at large-scale facilities abroad. Most notably, we have synthesised
world-quality single crystals of selected AslrsO5 iridates and studied them using
neutron scattering and synchrotron X-ray radiation techniques.

The main results of our work are briefly recapitulated in the following points:
(i) Heavy rare-earth Aslr,O7 iridates (A = Dy - Lu) were synthesised using a
flux preparation method; including for the first time reported TmsIr,O7; member.
The preparation route was optimised, and high-quality stoichiometric polycrystals
have been routinely synthesised at our workplace.

(ii) Synthesis of A;IraO7 single crystals is intricate, requiring a considerable ex-
perience and devotion. Eventually, we succeeded in preparing A = Nd, Ho, Er,
Tm, and Lu single crystals of high-quality and importantly correct stoichiometry.
In the case of heavy A members, our single crystals are the best crystals available
worldwide at present.

(iii) The majority of AsZryO7 zirconates has been synthesised in polycrystalline
and single-crystalline form employing our simplified laser-heated floating-hot-zone
and pedestal (Czochralski) methods. The developed preparation recipe allows us
to effectively, efficiently, and reliably synthesise the crystals, omitting several in-
termediate steps commonly performed preparing this type of materials. Further-
more, the method is applicable not only to zirconates, but also to other A B>O~
and even unrelated compounds.

(iv) Synthesised samples were investigated by a variety of experimental tech-
niques, generally confirming their high quality and allowing full characterisation
of their macroscopic and microscopic properties. Our studies resulted in a de-
tailed overview on systhematics within respective series’.

(v) Average crystal structures of investigated compounds were revealed /confirmed
by laboratory and mainly synchrotron X-ray radiation and neutron diffraction
techniques. The respective structures were shown to be stable in a broad tem-

perature range and robust against an applied external pressure of up to 20 GPa.
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(vi) Magnetic phase diagram of the Ir-sublattice ordering in Aslr,O7 series was
completed, based on our bulk properties measurements and muon spin resonance
experiments. The magnetic ordering of the Ir-sublattice was shown to be in-
dependent of the rare-earth magnetism or electronic properties. Instead, the
interatomic distances and bond-angles in the pyrochlore lattice determine the
magnetic ordering of the Ir sublattice and phase transition temperature in re-
spective rare-earth members.
(vii) Conductive properties in A5IraO7 were studied and explained in the frame-
work of the Slater mechanism. That is, the phase transition from the metal /semi-
metal /semiconductor high-temperature state to the insulating low-temperature
state was proposed to be directly connected with (that is, induced by) the anti-
ferromagnetic ordering of the Ir sublattice.
(viii) The hypothesis on the insulating ATAO and AOAI antiferromagnetic do-
mains and conductive domains-interfaces in AslrsO; pyrochlores was partly ver-
ified by investigating newly synthesised single crystals. Microscopic experiments
fully confirming the hypothesis are proposed for at large-scale facilities.
(ix) Inelastic neutron scattering experiments allowed us to determine the crystal
field schemes of Erylr,O; and TmsylryO7 iridates. The schemes were shown to
explain the magnetic properties of respective members connected with a specific
rare-earth element, at least at higher temperature. The development of the crys-
tal field parameters within the series was discussed and noticeable systematics
highlighted. Crystal field excitations were also measured in the AsZr,O; series
and some Ti-Zr substituted members, crystallising in the disordered structures.
The evaluation of crystal field schemes of individual members is inseparably con-
nected with the details of respective crystal structures, and is in progress.
(x) Resonant inelastic X-ray scatterings (RIXS) experiment on EryIr,O; and
LuyIr,O;7 members probed collective magnetic excitations/low-spin dynamics,
spin-orbit, and crystal-field excitations of the Ir sublattice. Quantitative infor-
mation about the exchanges within the Ir sublattice, but also the f-d exchange
between Ir and respective rare-earth (Er) were revealed. Not published yet or
included in the present thesis as continuing experiments is scheduled.
(xi) Average and especially local structures were determined in AsZryO7 zir-
conates. Light rare-earth zirconates were observed to crystallise in pyrochlore
structure on global and local scale, while different average and local structures
of heavy A members were found. In addition to the average defect-fluorite struc-
ture, a local lower-symmetry rhombohedral structure was identified by analysing
our synchrotron X-ray radiation and neutron diffraction and pair-distribution-
function data. The same microscopic studies with similar results have been per-
formed on Ery(Ti,Zr)sO7 and Lug(Ti,Zr),O7 series’. Based on the structural
details, ionic conductivity pathways were calculated and discussed in these appli-
cation relevant materials.

In the course of our research, we have commenced numerous collaborations

with colleagues interested in the same topic, most importantly with the group of
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Dr. Elsa Lhotel, Institut Néel, CNRS, Université Grenoble Alpes, France; and
the group of Sylvain Petit, Université Paris-Sacley, France. In the last two years,
we performed several joint experiments and are currently working on publishing
the obtained results. In addition to sub-kelvin magnetisation measurements on
ErslroO7 single crystal, we investigated magnetic structure of NdyIraO7 in ap-
plied magnetic field using single-crystal neutron diffraction and D23 diffractome-
ter at the Institut Laue-Langevin, Grenoble, France; and magnetic excitations in
ErslrsO7 and LuslraO7 single crystals using the resonant inelastic X-ray scatter-
ing method and ID20 instrument at the European Synchrotron Radiation Facility,
Grenoble, France. Since 2024, our fruitful collaboration continues in the frame-
work of the international mobility project supported by Ministry of Education,
Youth and Sports of Czech Republic; and Ministry for Europe and Foreign Affairs
and Ministry of Higher Education, Research and Innovation of France, respec-
tively. Recently, a joint experiment that will allow us to further investigate the
magnetic structure in NdsIr,O7 single crystal has been accepted for realisation
using ZEBRA diffractometer at the Paul-Sherrer Institute, Villigen, Switzerland.
In addition to that, we propose several other experiments at large-scale facilities.
Namely, recently accepted experimental proposal at ESRF: synchrotron X-ray
micro-diffraction mapping of magnetic domains and domain walls in HoyIr,O5
single crystal is to be highlighted as it promises highly innovative results.

In addition to introduced research directions and our current intentions and
plans, there is a plethora of phenomena to be studied and to be discovered in
respective compounds. We restrict ourself to briefly mention just two directions,
one for each series, which should be followed by investigating synthesised samples.
First, the topological properties associated with the Ir sublattice and the spin-
orbit interaction in the A;IrsO7 members. All, topological insulating states, Weyl
semi-metallic state, Fermi-arc surfaces, etc., have been proposed and searched for
in these materials. The experimental study was, however, severely hindered by
the absence of good-quality single crystals. Second, the specifics of the defects,
the bonding character, and the crystal structure of the heavy rare-earth A;Zr,0O7
members are expected to allow their use in solid oxide fuel cells, thermal barrier
coatings, or nuclear waste storage. Previous studies focussing on material prop-
erties of these oxides and mainly their interpretation were highly problematic due
to missing pieces of information on their structural details. These research di-
rections, together with many others, are now open for appropriate examination,

and our work contributed to that.
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