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to doc. RNDr Martin Divǐs, CSc., for his theoretical calculations. I gratefully
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Abstrakt: Tato disertačńı práce je zaměřena na syntézu, charakterizaci a magnet-
ické vlastnosti pyrochlorových iridát̊u A2Ir2O7, kde A je Dy - Lu. Geometrická
frustrace pyrochlorové mř́ıžky ovlivňuje interakce mezi magnetickými momenty
A3+ i Ir4+ iont̊u a pod́ıĺı se na jejich komplexńım ńızkoteplotńım uspořádáńı.
Souhra spin-orbitálńı vazby a elektronových interakćı, vlastńı iridiovým iotn̊um,
také značně ovlivňuje vodivostńı vlastnosti pyrochlor̊u. Iridáty A2Ir2O7 byly
syntetizovány, a syntéza optimalizována, metodou r̊ustu z CsCl fluxu. Důkladně
charakterizované vzorky, včetně dř́ıve nepřipraveného A = Tm analogu, byly stu-
dovány jak objemovými metodami, tak mikroskopickými technikami neutronového
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iových moment̊u ve studovaných oxidech. Dynamická odezva sloučenin studována
AC susceptibilitou byla diskutována v rámci modelu založeném na volně vázaných
iridiových momentech ve stěnách antiferromagnetických domén, jejichž existence
se zdá být společná pro všechny A2Ir2O7. Vliv iridiového magnetismu na chováńı
A3+ iont̊u se ukázal být slabý. Standartńı model krystalového pole pro dané
A3+ ionty byl použit pro popis nedisperzńıch magnetických excitaćı ve spektrech
nepružného neutronového rozptylu iridát̊u Er2Ir2O7 a Tm2Ir2O7.
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Introduction

Scientific interest in A2Ir2O7 compounds, with A being a rare-earth ion, is moti-
vated by the emergence of complex electronic properties originating in the spin-
orbit coupling, frustration of magnetic moments on both A and Ir sublattice
and their entanglement. A2Ir2O7 iridates crystallize in the cubic F d 3̄ m struc-
ture [1]. Both A3+ and Ir4+ ions reside on two separate sublattices of interpen-
etrating corner-sharing tetrahedra; a canonical example of a three-dimensional
frustrated lattice. Magnetic moments on geometrically frustrated lattice order
in frequently exotic magnetic structures or remain dynamic in a correlated spin-
liquid regime [2]. Moreover, the interplay between spin-orbit coupling and elec-
tron correlations in A2Ir2O7 can result in topologically non-trivial electron states
such as Weyl semimetals or axion insulators [3, 4].

A2Ir2O7 pyrochlores reveal a change in electrical conductivity depending on
the rare-earth: compounds with A = Pr and Nd being metallic [5, 6], over semi-
metallic A = Sm, Eu [7] to non-metal heavy rare-earth end of A2Ir2O7 series [8].
Decreasing the temperature, metal-to-insulator transition concomitant with the
iridium sublattice magnetic ordering is detected in A2Ir2O7 [8, 9, 10] with excep-
tion of Pr2Ir2O7, which remains metallic down to low temperatures. Magnetic
structure of A2Ir2O7 iridium moments was identified as all-in-all-out antiferro-
magnetic structure (AIAO) where the Ir moments at the four vertices of each
corner-sharing tetrahedron point along a local ⟨111⟩, either inward or outward in
an alternating manner.

Low-temperature state of pyrochlore iridates, connected to the A sublattice,
remains enigmatic. Significant scientific effort was devoted to the study of light
rare-earth A2Ir2O7. Pr2Ir2O7 shows spin-liquid behaviour with partial freezing
of magnetic moments [11]. Metal-to-insulator transition in Nd2Ir2O7 is accom-
panied by a huge increase of magnetoresistance effect [6]. Based on the optical
measurements, the Weyl semimetal state was suggested to appear in the case of
Eu2Ir2O7 [12].

Present work is focused on the heavy rare-earth part of A2Ir2O7 series, where
the Ir moments are supposed to enter the AIAO ordering at higher temperatures
(120 - 140 K [13, 14, 15]), whereas the correlations between the rare-earth mo-
ments are manifested at much lower temperatures, depending on the particular
rare-earth. The iridium exchange field, entanglement of iridium and rare-earth
magnetism, the single-ion magnetism of the rare-earth and the type of magnetic
correlations dictate the ground state of A2Ir2O7. Investigation of Tb2Ir2O7 re-
vealed the concurrent ordering of Ir and Tb moments at 140 K (ordering of
Tb moments likely induced by Ir molecular field) followed by the additional mag-
netic component of Tb moments below 10 K [16]. Recent studies on A2Ir2O7 with
A=Dy and Ho suggested the realization of the fragmented monopole crystal state
with A moments divided into an AIAO structure and dynamically correlated mo-
ments in Coulomb phase [14, 15]. Ferromagnetic interaction between ytterbium
ions in Yb2Ir2O7 competes with a coupling to antiferromagnetic Ir sublattice,
leading to a moment suppression well below the saturated value of Yb3+ [13].
The results of heavy rare-earth A2Ir2O7 studies indicate a complexity of mu-
tual Ir and rare-earth interactions, where, for most of them, comprehensive and
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microscopical studies are desired.
A thesis is organised as follows: Chapter 1 introduces the theory of single-ion

magnetism, magnetically frustrated systems, and fundamentals of crystal growth
thermodynamics. Chapter 2 provides an overview of experimental techniques
employed for preparation, characterisation, and microscopic properties measure-
ments on A2Ir7O7 compounds, together with a technical description of individual
experiments. The state-of-the-art is briefly reviewed in Chapter 3. Chapter 4
consists of sections focused on sample synthesis, characterisation, magnetization,
specific heat analysis, crystal field scheme determination, and dynamical proper-
ties investigations.

Most of the results of the present Ph.D. study have been published in peer-
reviewed journals; the respective publications are listed in the attached docu-
ments. In addition to A2Ir2O7, considerable attention was paid to zirconium
counterparts A2Zr2O7. The related results are not presented in this Ph.D. thesis
to maintain a reasonable length and coherence of the text. The results of A2Zr2O7

were partly published (see the List of publications), and most of the results are
still to be submitted to scientific journals.
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1. Theoretical background

1.1 Single ion magnetism

Behaviour of magnetic moments is frequently described using quantum mechanics
formalism. Magnetic moment carried by an electron of mass me and charge e
component is defined by two contributions: orbital and spin contributions [17]

µ̂l = −µBl̂,

µ̂s = −µBg0ŝ,
(1.1)

where µB is the Bohr magneton; l̂ and ŝ are the operators of the electron orbital
and spin moments, respectively; g0 = 2.0023 [17] denotes the gyromagnetic ratio
of the electron. Assuming the external magnetic field along the z-direction, the
component of µ parallel to the external field will have the form

µlz = −mlµB,

µsz = −g0msµB.
(1.2)

Besides the integer value of the orbital quantum number ml, the spin quantum
number ms can reach the eigenvalues sz = ±1/2 for a spin aligned parallel or
antiparallel to z-axis/field direction.

The field acting on the electron can also be induced by the orbital motion
of the electron itself; in that case, the spin-orbit coupling (SOC) is to be taken
into account. The degeneracy of the electron energy level is lifted by the spin-orbit
coupling, l · s (see also the following section).

The energy UB of the magnetic moment placed in the magnetic field of induc-
tion B is determined by the relation

UB = −µ ·B. (1.3)

A system containing n electrons with weak spin-orbit coupling can be charac-
terised by the total spin S and orbital angular momentum L

S =
n∑︂
i

Si,

L =
n∑︂
i

Li. (1.4)

The sum of S and L represents the total momentum J = S + L and takes the
following values: |L− S|, |L− S + 1| ,..., L+ S − 1, L+ S.

Hamiltonian operator describing an atom of n electrons under an external
field (intensity H) is expressed as

ˆ︁H = ˆ︁H0 + µBH(L̂+ g0Ŝ) +
e2

8mec2

∑︂
j

(x̂2 + ŷ2). (1.5)
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Ĥ
0
denotes an atomic Hamiltonian without external field, x̂ and ŷ represent

a quantum mechanical operator of the electron positions x and y, c is the velocity
of light in vacuum.

Under the assumption of the small value of field H , the second-order pertur-
bation theory [18] applied to the Hamiltonian 1.5 leads to the energy correction
towards the ⟨n| state

∆En = µBH⟨n|L̂+ g0Ŝ|n⟩+
e2

8mec2
H2⟨n|

∑︂
j

(x̂2 + ŷ2)|n⟩

+
∑︂
m̸=n

|µBH⟨n|L̂+ g0Ŝ|m⟩|2

En − Em

. (1.6)

The first expression of 1.6, linear in H , is responsible for the paramagnetic be-
haviour. The magnetic moment of the partially occupied electron shell is then
equal to

µ = µB(L+ g0S), (1.7)

whereas is zero in the case of the fully occupied shell. The second expression in
1.6 has a quadratic dependence on the field magnitude and non-zero value for
the partially filled electron shell. It is connected with the diamagnetic response
of the system and is called Larmor diamagnetism. The third term of the 1.6, Van
Vleck paramagnetic term, is non-zero for neutral atoms and charged ions.

1.2 Spin-orbit coupling, the case of Ir4+

Spin-orbit coupling (SOC) or spin-orbit effect is a relativistic interaction between
the spin of an electron and its motion inside the potential of the ion. The ion
radial electrostatic potential V (r) scales with the Z

r
, where Z denotes the nucleus

charge, and r is the magnitude of the electron radial vector. Considering the
electron characterised by quantum numbers n, l and s the spin-orbit interaction
is expressed up to order (v

c
)2 after the expansion of the Dirac equation [18] as

ˆ︁HSOC =
e

(mc)2
1

r

∂V (r)

∂r
s · l. (1.8)

In the case of weak spin-orbit coupling, the interaction in the electron shell is
expressed under the Russel-Sanders approximation

ˆ︁HSOC = ΛS ·L, (1.9)

where the SOC interaction is characterised by the constant Λ proportional
to Z4

n3 [17] and the scalar product of the total orbital and spin angular momenta
of electron, see section 1.1.

The strength of SOC in transition metal systems reveals a universal increase
from 3d (∼ 0.01 eV) over 4d (∼ 0.1 eV) to 5d electron compounds (∼ 1 eV) [19].
The localised 4f electrons of heavy rare-earth are exposed to the spin-orbit split-
ting of several eVs.

Focusing on the subject of our interest, that is, the compounds containing
Ir4+ ion, a 5d element with the strong spin-orbit coupling, the following scheme
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is drawn. The behaviour of Ir4+ electrons with Jeff = 1/2 is determined by
the interaction of the free ion projected into the t2g manifold and the kinetic
terms of the t2g electrons. Under the simplifying assumption of the well-separated
Jeff = 1/2 and Jeff = 3/2 bands, Ir4+ electrons can be described by Hubbard
repulsion of electrons, kinetic energy, and spin-orbit interaction as summarized
in the expression [3]

ˆ︁H = −t
∑︂
i,j

∑︂
σ

(c+iσcjσ + ciσc
+
jσ) + V̂ SOC + U

∑︂
i

ni↑ni↓, (1.10)

where t represents the hopping integral, σ denotes the electron spin state, ciσ and
c+iσ are the annihilation and creation fermionic operators, respectively. Electron
repulsion between the on-site electrons is expressed by the constant U and the
number operator of the on-site electrons niσ = c+iσciσ. The kinetic term favours
the delocalization of the electrons, whereas the Hubbard repulsion pushes the
system towards the local moment formation [3]. The spin-orbit interaction re-
duces the electron bandwidth, and even a moderate Hubbard repulsion can open
an insulating gap. The model Hamiltonian 1.10 does not have an exact solution;
however, a schematic phase diagram of possible electron states can be plotted
as a function of the relative strength of Λ/t and U/t renormalized to the kinetic
energy t.

Figure 1.1. Generic phase diagram of electron states in A2Ir2O7.
Schematic phase diagram of electronic states dependent on the relative strength
of spin-orbit coupling Λ and electron-electron correlation U normalized to the
kinetic energy hopping t. The figure was adopted from [3].

For simplicity, both electron correlation and spin-orbit coupling can be di-
vided into strong and weak interaction regimes, which generate four quadrants
in the phase diagram 1.1. In the weak SOC and weak electron correlation regime
(bottom left part of the phase diagram 1.1) the conventional metallic or band
insulator states emerge. Moving up in the phase diagram, i.e. increasing the
electron correlation with preserving the weak SOC, electrons are pushed to be
localized, and the Mott insulating phase is identified. It is a typical case of
3d transition metal oxides with narrow electron bands and strong correlations.

7



On the other hand, an increase of the spin-orbit coupling in the weak electron
correlation regime leads to the emergence of topological insulating states (right
bottom part of the Figure 1.1).

The coexistence of spin-orbit coupling and electron correlations gives rise to
unusual electronic states; examples are listed in the centre part of the phase dia-
gram 1.1. Spin-orbit coupling of electrons causes the narrowing of electron bands
and makes them more sensitive to electron correlations. Vice versa, considering
the correlation effect first, the preferential localization of the electrons decreases
their kinetic energy and enhances the one-site spin-orbit coupling effect [3]. The
cooperation of the correlation and spin-orbit coupling effects is denoted by the
shift of the vertical and horizontal boundaries that separate the weak correlation
regimes towards lower ⟨V̂ SOC⟩ and U with increasing U and ⟨V̂ SOC⟩. Such a
situation is sometimes called a correlated spin-orbit coupling regime.

Regarding the experimental realization of the correlated topological states,
studies of Ir4+ compounds appear to be crucial. To list a few, the study of the
layered perovskite family Srn+1IrnO3n+1 revealed a correlated metallic state [20].
SrIrO3 ferromagnet was identified to have Jeff = 1/2 Mott insulating ground state
driven by spin-orbit coupling [21]. The presence of the metal-insulator transition
in the case of the cubic A2Ir2O7 together with the significant spin-orbit coupling
put the iridium based pyrochlores on the forefront of scientific interest; the details
of the electronic structures will be discussed later in Chapter 3.

1.3 Crystal field

Magnetic ion placed in the crystal lattice is surrounded by the nearest neighbour
ligands. The number of ligands and their geometrical arrangement depend on
the crystal lattice symmetry. The crystal charge density creates a crystal field
(CF), which acts upon the electrons from the unfilled shell of the magnetic ion.
The spherical symmetry of an isolated ion is reduced to the point symmetry of
the crystal lattice site occupied by the magnetic ion. As a result of the reduction
in symmetry and the influence of the CF, the (free) magnetic ion multiplets are
split into a number of sublevels, the splitting pattern completely determined by
the properties of the crystal field.

The influence of the CF is represented by the crystal field Hamiltonian [19]

ˆ︁HCF =
∑︂
l,m

Bm
l
ˆ︁Om
l , (1.11)

where the summation goes over the quantum numbers l = 0, 1, ..., l and m
= l, l − 1, ..., −l + 1, −l. The ˆ︁Om

l are the Steven’s operators representing the
radial matrix elements of crystal field interactions in terms of angular momentum
operators and Bm

l stand for crystal field parameters, the number of which is
strongly restricted by magnetic ion point symmetry. The results of CF energy
splitting depend on the electronic nature and position of the ligands and on the
type of magnetic ions; however, some generalizations can be found for individual
categories of magnetic ions.

In 3d-transition metal compounds, electron orbitals have small direct overlap
and experience an efficient Coulomb repulsion, making the electron bands neither
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extremely wide nor narrow. Due to the significant overlap with ligand wave
functions, CF splitting energy (∼ 1 eV) is larger than the SOC (≲ 0.1 eV) and
are comparable with electrostatic interactions [19]. An increased density of 4d
and 5d electrons near the nucleus and the higher atomic number Z of compounds
amplifies the SOC (≳ 0.1 eV); however, it is dominated by a larger CF splitting
(∼ 1 eV) [22].

The proximity of 4f electrons to the nucleus and an increased charge of nu-
cleus Z leads to the significant SOC (∼ 1 eV), which couples the spin S and
angular momentum L to the total angular momentum J . Since the bonding ef-
fects are expected to be very small/negligible for heavy rare-earth 4f electrons
(CF strength ≲ 0.1 eV), the interaction with the ligands is treated as a pertur-
bation. Any non-spherical potential reduces the rotational symmetry and causes
magnetocrystalline anisotropy in rare-earth compounds. The rare-earth multi-
plets are labelled by 2S+1LJ , where L represents the orbital angular momentum
of the orbital term and S being the total spin number. The individual ion con-
tributions to the magnetic properties of the rare-earth are determined by the
total angular momentum J , see section 1.1. The ground-state multiplet is char-
acterised by J = |L − S| and J = |L + S| for less or more than half - occupied
electron shell according to Hund′s rules.

Figure 1.2. Splitting of electron energy levels in 4f and 5d compounds.
a) The effect of SOC and CF splitting of the rare-earth energy levels (represented
by erbium ion with doublets as final states) and b) iridium levels with electrons
represented by grey circles.

A successive effect of SOC and CF on 4f and 5d ions represented by Er3+ and
Ir4+ is illustrated in Figure 1.2. The [Xe]4fn5d16s2 and excited [Xe]4fn−15d26s2

electron states of erbium ion are separated by the energy barrier of ∼ 10 eV [23],
the SOC in the rare-earth ions splits the energy levels by ∼ 1 eV [23]. The
CF affects the ground state J-multiplet splitting it by energies of order 0.1 eV
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(see Figure 1.2 a).
Electron levels of Ir4+ ions with 5d5 configuration under the crystal field will

split into the lower-lying t2g and empty eg manifolds separated by 103 meV energy
gap (Figure 1.2b). Electrons in the t2g state with spin S = 1/2 are the subject of
the SOC; the eigenstates can be described by an effective total angular momen-
tum, Jeff = L ± S. The lower-lying quartet with Jeff = 3/2 and higher-lying
Jeff = 1/2 doublet are then separated by 100 meV with the latter being half
occupied [3].

1.4 Frustration of magnetic moments

In crystalline materials, magnetic ions are correlated via magnetic interactions.
To list a few, the direct exchange interaction between neighbouring magnetic
moments is realized in the case of s- or p-metal based compounds with sufficient
overlap of their wave functions. The superexchange interaction between the next-
to-nearest-neighbour magnetic moments is realized through the non-magnetic
ions present in the lattice. The rare-earth moments in metallic compounds with
a small wave function overlap interact via conducting electrons and polarization
of their spins (Ruderman–Kittel–Kasuya–Yosida, RKKY interaction). A sponta-
neous ordering of magnetic moments into the periodic structure can appear as a
result of minimization of interacting energy (generally at low temperature). At
sufficiently high temperatures, thermal fluctuations of magnetic moments pre-
vent the magnetic ordering, and the material is found to be in a paramagnetic
state, where the magnetic moments are oriented randomly. The paramagnetic
macroscopic net magnetization is zero, and the positive magnetic susceptibility
response to the external magnetic field is detected.

Certain types of structural arrangement of magnetic moments cause the mag-
netic interactions to compete; thereby, the magnetic ordering is suppressed down
to a strongly correlated regime at low temperatures. The phenomenon of mag-
netic frustration is one of the crucial chapters in the study of unusual magnetic
states. The concept of geometrical frustration has been deeply studied since the
1950s when the system of Ising spins with antiferromagnetic interaction residing
on the triangular lattice revealed a different behaviour from isostructural ferro-
magnets or bi-partite antiferromagnets [24].

Geometrical frustration of magnetic moments arises when the magnetic mo-
ments’ arrangement on a lattice precludes satisfying all interactions simultane-
ously. Three antiferromagnetically coupled Ising moments residing on the equi-
lateral triangular lattice represent a simple 2D example. Once two moments are
antiparallelly aligned, the third moment cannot fulfill the condition of the AF
coupling with both arranged moments. The 2D crystal structure based on the
triangular motif can be formed by corner-sharing (kagomé) or edge-sharing tri-
angles, driving the frustration in the layered compounds. Not only the triangular
geometry but also the square lattice with two kinds of antiferromagnetic inter-
actions give rise to magnetic frustration. Considering the 3D systems, canonical
examples of frustrated lattices are the pyrochlore and hyperkagomé structures.
Magnetic moments of the pyrochlore compounds are arranged in the sublattice
of corner-sharing tetrahedra. The system can exhibit frustration in both the
isotropic Heisenberg antiferromagnet and the Ising limit. The prevailing antifer-
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romagnetic interactions between Ising-like moments lead to the doubly degener-
ated ground state with all spins pointing out or all spins pointing in of respective
tetrahedra (AOAI structure, Figure 1.3 a). The ferromagnetic interaction pushes
the system to the ground state determined by ice rules discussed below. Sim-
ilarly in the hyperkagomé lattice, which consists of corner-sharing triangles of
magnetic moments derived from different faces of the tetrahedra with 1/4 deple-
tion of magnetic moments [25].

Experimental signatures of frustration are demonstrated in the development of
the inverse magnetic susceptibility χ−1 ∼ T−ΘCW with temperature, where ΘCW

denotes a Curie-Weiss constant. The plus/minus sign of ΘCW indicates the pre-
vailing ferromagnetic or antiferromagnetic interactions, respectively. A frustrated
system does not reveal a magnetic ordering at the temperature scale given by the
strength of interaction ΘCW. Instead, the paramagnetic state prevails down to
temperatures well below |ΘCW|. Magnetic moments can order or freeze at tem-
perature TC . The ratio f defined as TC/ΘCW denotes the strength of frustration
and serves for classification of the frustrated state [26]. The key to understanding
the magnetic behaviour in the strongly correlated regime T ≪ ΘCW is the de-
scription of the ground state. The geometrical frustration inhibits the formation
of the magnetic structure and causes the ground state degeneracy. The number of
frustrated sites is ∼ NA; therefore, the ground state degeneracy is experimentally
observable in the thermodynamic properties.

Further focusing on the pyrochlore lattice, it is useful to recall the so-called
ice rule in water-ice system [27]. In water ice, the arrangement of the hydrogen-
oxygen pairs is governed by strong local interactions known as ice rules. Two hy-
drogens are near the oxygen; the hydrogen-oxygen bonds point towards the other
two of the four nearest neighbour oxygens formed in the tetrahedra. The config-
uration of water molecules restricted by the ice rules in the crystal lattice can
be realized by six energetically equivalent possibilities. The residual entropy at
zero temperature is quantified as R ln(3/2) per mole [28].

Figure 1.3. Arrangement of magnetic moments on pyrochlore lattice.
a) All-in-all-out antiferromagnetic structure on the pyrochlore lattice, b) 2-in-2-
out structure (spin-ice structure), c) three-in-one-out spin arrangement excited
from the spin-ice state by spin-flip. Blue and red spheres denote the magnetic
monopoles with a negative and positive charge, respectively.
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Ferromagnetic interactions between magnetic moments on the pyrochlore lat-
tice lead to the state governed by similar ice rules. The moments form the so-
called 2-in-2-out structure, spin ice, see Figure 1.3 b). The magnetic structure
consisting of two spins pointing in and two out of any given tetrahedron minimizes
the energy of ferromagnetic interaction between spins analogously to the hydro-
gen ordering in water ice with a similar configuration entropy of R ln(3/2) per
mole tetrahedron. Good examples are the classical spin ice compounds Dy2Ti2O7

and Ho2Ti2O7 with large ⟨111⟩ Ising-like magnetic moments [29, 30] and exten-
sive ground state degeneracy. The application of the external magnetic field on
the spin-ice state can lift the degeneracy as a result of easy-axis rotation and
cause/allow the magnetic ordering on the pyrochlore lattice without breaking of
symmetry during the first-order transition [2].

In spin-ice systems, the spin configurations tunnel among themselves via ther-
mal or quantum fluctuations and form classical or quantum spin liquid candi-
dates [31]. The spin system without symmetry-breaking magnetic order down to
zero temperature is proposed to consist of spins singlets with the resonance on the
lattice, further extended to the model of valence bonds for all length scales with a
macroscopically quantum entangled ground state [32]. Strongly correlated phases
give rise to unusual excitations of fractionalized quasiparticles. As an example, a
Coulomb phase observed in the case of Ho2Ti2O7 in which the spin flips deviat-
ing from ice rules (see Figure 1.3 c) create mobile magnetic monopoles with half
of the dipole moment interacting via classical magnetostatics [33]. Contrary to
the case of large Dy3+ and Ho3+ moments (10 µB), the behaviour of pyrochlore
compounds with effective S = 1/2 moments is significantly influenced by the
quantum fluctuations [34].

1.5 Thermodynamics of the crystal growth

Synthesis of high-quality samples is necessary for reliable physical measurements
and the unambiguous interpretation of the physical properties. The existence
of parasitic phases, structural defects, or uncontrolled grain boundaries is mini-
mized in a sample with chemical homogeneity and good crystallinity. Therefore,
optimization of the sample preparation process is an integral part of physical
research. To gain insight into the sample synthesis, the fundamental relations
between the thermodynamic quantities during the phase formation are intro-
duced.

Thermodynamical systems can be divided according to the number of con-
stituting phases into single- or multi-component. A single-component system
consists of one pure chemical characterised by intensive variables: temperature
T , volume V , and pressure p. The multi-component system is additionally de-
scribed by the number of moles of each component ni [35].

The system is described by respective thermodynamical potentials. For a
multi-component system, it is convenient to define the Gibbs free energy [36]

dG = −SdT + V dp+
ν∑︂

i=1

µidNi (1.12)

in the form of total differential, where S denotes the entropy of the system and
µi stands for the chemical potential of the substance i. The Gibbs energy of the

12



system in thermodynamical equilibrium at constant pressure and temperature
tends to its minimum, and its differential acquires zero value [36]. Under constant
temperature and pressure, the equation 1.12 for thermodynamical equilibrium is
simplified into

0 =
ν∑︂

i=1

µidNi. (1.13)

A driving force of the phase transition is the difference between the chemical
potentials of individual phases. If the individual chemical potentials are equal,
no phase transition occurs. This work is focused on solid forms of matter with
a high degree of particle ordering: single-crystalline and polycrystalline samples
with the periodical arrangement of building blocks in the whole sample volume
(single crystals) or individual grains with different orientations (polycrystals).

The crystal growth can be regarded as a first-order phase transition into the
solid-state from the solid, liquid, or vapour phase. It implies the coexistence of
two distinct uniform phases stable at the equilibrium point, separated by a phase
boundary. The equilibrium state between the crystal and its parent phase is char-
acterised by a minimum value of G [37]. To start a crystal growth, the equilibrium
has to be disturbed by an appropriate change of the system parameters such as
temperature, pressure, chemical potential, etc. From the microscopic point of
view, the emergence of chemical bonds between crystal constituents decreases
the G of the system, and the phase transition into the solid phase is energetically
favourable.

Crystal growth can be divided into three steps: (1) achievement of supersat-
urated conditions (supersaturation or supercooling), (2) nucleation of the crystal
grain, and (3) growth of the crystal [35]. By nucleation, the system reaches equi-
librium and the supersaturation conditions vanish; therefore, the maintenance of
supersaturation is crucial for stable crystal growth. The formation of small clus-
ters of crystal phase with critical size is a prerequisite for the macroscopic crystal
development [38]. The emergence of nucleation centres can occur spontaneously
or may be artificially induced. The choice of parent phase, supersaturated con-
ditions, and nucleation manner leads to the variety of sample growth techniques
which is introduced in section 2.1.
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2. Experimental methods

2.1 Preparation techniques

A large variety of sample preparation techniques are available, reflecting the rich-
ness of chemical reactions combined with a number of technical realizations. We
restrict ourselves to give a brief overview of the techniques relevant for the syn-
thesis of Ir-based pyrochlore oxides we employed in the preparation of further
studied compounds. Solid state reaction, flux growth, and hydrothermal synthe-
sis techniques are introduced.

2.1.1 Solid state reaction

One of the most straightforward techniques of sample preparation is solid state
synthesis [39]. During the reactant heating, the formation of the product phase
between neighbouring particles occurs spontaneously if the total G decreases
thereby. The reaction process is realized by diffusion of the atoms or ions of
type i with a charge zi driven by the gradient of the chemical or electrochemical
potentials. The inhomogeneity of incoming products and the temperature gra-
dient drive the diffusion of particles. Also, the morphology of reacting particles
plays an important role: a migration of the particles from the area of high cur-
vature to the lower one causes a decrease of the surface energy and contributes
to the minimization of G.

Solid state reaction is one of the principal preparation techniques for ceramics
and high-temperature melting materials. Reaction is conducted in the solid phase,
below the melting temperature of reactants, as well as the product. However,
the solid state synthesis is usually performed at elevated temperatures (above
1000°C) to obtain the reaction time scales close to hours/days. Tammann’s rule
suggests a temperature of two-thirds of the melting point of reactants to obtain a
reasonable reaction time [40]. The small particle size of the reactants maximizes
the contact area, and repetitive grinding of the products ensures a fresh contact
surface which speeds up the reaction. The product typically has the form of poly-
crystalline material, but also single-crystalline samples can be produced using the
solid state reaction by seeding the single crystals into the sintered polycrystalline
material [41].

2.1.2 Flux growth

Sample synthesis using the flux method covers a wide variety of growth param-
eters and provides a route for the incongruently- or high-melting, volatile, or
unstable compound preparation. Flux growth method belongs to techniques of
crystal growth from high-temperature solution and is widely used for the prepara-
tion of complex and multicomponent systems [42]. A significant advantage of the
flux method is the growth of the desired compound below its melting tempera-
ture. If the compound melts incongruently, i.e., exhibits a phase transition below
the melting point, decomposes before melting, or has high vapor pressure dur-
ing melting, sample preparation should be conducted below the upper mentioned
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phase transitions. However, the disadvantage of the flux method is connected
with the lower growth rates compared with the growth from melt (e.g. Czochral-
ski, Bridgman or floating-zone method) and the possible presence of impurities
of flux ions in the resulting sample.

The basic requirement for flux growth is the proper choice of the chemically
compatible flux material and temperature range of reaction. The flux is heated to
its melting temperature; the initial reactants are dissolved in the flux, they diffuse
through the melt, and after the critical concentration is reached, the nucleation of
the crystals begins. For further growth of the crystals, the critical concentration
should be maintained by an appropriate change of the growth conditions. One
of the typical ways to induce crystal growth is by decreasing the reaction tem-
perature. By lowering the temperature, the critical saturation of the reactants
decreases, and further growth of the solid phase is needed to reach the equilib-
rium. A similar effect is to reduce the fraction of the flux by its evaporation.

2.1.3 Hydrothermal synthesis

Another route of sample preparation without melting the constituent reactants
is the method of hydrothermal synthesis. The term hydrothermal refers to any
heterogeneous reaction in the aqueous solvents above ambient pressure and tem-
perature [43]. The hydrothermal synthesis is performed inside a closed inert
environment with the aqueous solution that aids the dissolution of the incom-
ing reactants. The low-temperature process can allow the growth of materials
that are difficult to melt or reveal chemical instabilities at elevated temperatures.
As an aqueous solution, a mineralizer can be used in a wide variety of chemi-
cals such as acids, bases, or inorganic salts. The closed vessel is heated above
the boiling point of the water, which results in a dramatic increase in pressure.
Aqueous solutions under supercritical conditions, that is, at critical temperature
and pressure, differ strongly from those under ambient conditions. The solubility
of non-polar reactants increases with the simultaneous increase of particle mobil-
ity due to the decrease of solution viscosity and H2O dissociation into H3O

+ and
OH−. The aqueous solvent behaves as an ionic solution [44].

Kinetics and crystal formation in the hydrothermal process are also deter-
mined by the solubility of reactants, their mobility in the solution, and the redox
potential of the medium, ensuring the ions of the required valence [45]. Hundreds
of different chemicals and their combinations can be utilized as a mineralizer.
Variation of reaction pressures and temperatures makes hydrothermal synthesis
a versatile sample preparation technique.

Hydrothermal synthesis was performed in a standard polytetraflourethylene
(PTFE) liner in a stainless steel autoclave reactor (Parr Instrument Deutschland)
which was filled and heated within a laboratory oven. According to the reactor
dimensions and inner content 23 and 45 ml [46], the autogenous pressure was
estimated to vary between 1 and 3 MPa, depending on the exact volumes of
individual reactants and solution.
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2.2 X-ray and neutron diffraction

The analysis of the sample structure is a crucial part of material science and
should complement the thermodynamical and other microscopic measurements.
The microscopical structure of crystalline materials can be described within the
basic concepts of crystallography. A crystal is defined as a structure built from
identical units periodically filling the space. The periodicity is represented by
a lattice, which is a periodic array of points such that each point has an identical
environment [47]. A three-dimensional lattice is usually described by a position
vector l

l = n1a1 + n2a2 + n3a3, (2.1)

where ai are non-complanar primitive lattice vectors and ni are integers. The lat-
tice is populated by the basis, a motif consisting of atoms, molecules or a system
of molecules. The building block of the crystal is a unit cell. Each particle
in the crystal can be described by the vector j which is a sum of the lattice po-
sition vector l and the relative particle position in the unit cell d. The smallest
unit cell that corresponds to just one lattice point is called a primitive unit cell.

The space group of a crystal lattice is characterised by a set of symmetry op-
erations (translation, rotation, reflection, inversion, glide, and screw operations)
under which the crystal lattice remains unchanged.

Besides the real-space lattice, it is convenient to introduce so-called reciprocal-
space lattice. Reciprocal lattice is obtained by the Fourier transform of the crystal
lattice. The reciprocal vectors a∗

i are defined by the relations ai · a∗
j = 2πδij

(δij stands for Kronecker’s delta). Consequently, any point of the reciprocal
lattice is expressed by its point vector G = b1a

∗
1 + b2a

∗
2 + b3a

∗
3. The crystalline

material is generally advantageous to view as a set of planes labelled with the
Miller indices (hkl). These (hkl) planes in the real space then correspond to
the orthogonal Ghkl = ha∗

1 + ka∗
2 + la∗

3 vectors of the reciprocal lattice. The
smallest distance between (hkl) planes is denoted as dhkl and is calculated as
d = 2π/|Ghkl|.

Within the kinematical theory, the diffraction of x-ray radiation or neutrons
with the wavelength λ on the system of crystal planes (hkl) reveals a constructive
interference under Bragg’s condition [47]

nλ = 2dhkl sin(θB), (2.2)

where an integer number n determines the order of diffraction, and θB stands
for the angle between the incident beam and the (hkl) crystal planes. The condi-
tions for constructive interference can also be expressed using the reciprocal space
vectors. Introducing the scattering vector Q as a difference between the incident
and scattered wavevectors ∆k. A constructive interference of scattered radiation
is realized when

Q = G, (2.3)

known as Laue diffraction conditions.
X-ray scattering is based on the electromagnetic interaction with the electron

clouds surrounding the ions in the crystal lattice. Neutrons are scattered by the
ions’ nuclei as well as electrons from unfilled atomic orbitals, that is, by magnetic
moments, further details of neutron scattering are discussed in 2.6. The x-ray
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diffraction experiment acts as a Fourier transform of the periodic electron density.
Elastic neutron scattering is the Fourier transform of the ions’ scattering lengths,
which depend on the element and its isotope state, that is, on the potential of
the nuclei. The observed intensity I of the radiation scattered by the (hkl) plane
is proportional to the square of the structure factor. The structure factor for the
x-ray scattering is defined as [47]

F x
hkl =

n∑︂
j=1

fje
2πi(Q·d) =

n∑︂
j=1

fje
2πi(hxj+kyj+lzj), (2.4)

and the analogous expression holds for the neutron nuclear structure factor [48]

F n
hkl =

n∑︂
j=1

bje
2πi(hxj+kyj+lzj). (2.5)

The summation in both expressions goes over n atoms with the fractional coor-
dinates xj, yj, zj. fj denotes the x-ray atomic structure factor and bj stands for
the coherent neutron scattering length of the j ion.

Symmetry properties of the structure can cause amplification or extinction
of the scattered amplitude for particular (hkl) planes. The intensity of the scat-
tered radiation is also dependent on radiation polarisation, thermal vibrations in
the sample, the irradiated volume or size of the crystal, but the only parameter
containing the structure information is the x-ray and neutron structure factor.
However, the phase of F x

hkl/F
n
hkl is lost since the measured intensity is propor-

tional to the square of the absolute value of the form factor. Different approaches
can be chosen to solve this so-called phase problem. If there is initial knowl-
edge of the probable structure, then the actual structure corresponding to the
diffraction pattern is determined by data refinement [49]. Alternatively, the self-
convolution of the electron density, Patterson function, produces the density
map of the interatomic vectors and the actual positions of constituting atoms are
determined [49]. However, the information obtained by Patterson maps analy-
sis is strongly influenced by atomic form factors/scattering lengths of respective
elements and their ratio.

One of the common uses of x-ray and neutron scattering is the diffraction
of monochromatic radiation on the polycrystalline sample, powder diffraction.
We restrict ourselves to powder diffraction as all presented data were measured on
polycrystals. The polycrystals consist of small single crystalline grains with ran-
dom crystallographic orientation; therefore, a statistically significant number of
all crystallographic planes are in the diffraction condition. The diffraction pattern
of the polycrystalline sample can be analyzed using the Rietveld analysis [50],
which is based on the comparison between the diffraction pattern and the model
one. The least squares method is applied to minimize the difference between
the measured and calculated intensities. Diffraction peaks are approximated by
simple analytical functions and the positions of the diffraction maxima are deter-
mined from lattice parameters.

Powder x-ray diffraction experiments were performed using Bruker D8 ad-
vance device with symmetric Bragg-Brentano geometry with copper Kα doublet
wavelengths (1.5406 and 1.5445 Å). Elastic neturon scattering experiments on
Er2Ir2O7 and Tm2Ir2O7 at temperatures down to 0.1 K were realized employing
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E6 diffractometer at Helmholz Zentrum Berlin (HZB; λ = 2.436 Å, sample mass of
4 g, copper container and methanol-ethanol mixture) and Institut Laue-Langevin
(ILL; λ = 2.528 Å, sample mass of 3.5 g, copper container), respectively.

2.3 Electron microscopy

Electron microscopy covers various experimental techniques that offer unique
insights into the material’s structure, topology, morphology, and composition.
The wealth of information obtained by various methods originates from the mul-
titude of signals that arise when electrons interact with a sample [51]. For the pur-
pose of this work, the attention is focused on the electron interactions on which
the sample characterisation was based.

In terms of energy transfer, the interactions can be divided into elastic and
inelastic. Elastic signal emerges from the Coulomb deflection of electrons on pos-
itively charged nuclei or non-interacting electrons passing through a sample.
An elastic signal is exploited in transition electron microscopy (TEM), elec-
tron diffraction methods, and surface imaging using back-scattered electrons
(BSE) [52]. The elastic scattering by Coulomb interaction of electrons with atoms
explains the contrast mechanisms in electron microscopy [51]. The probability
that an electron deviates 4from its direct path by an interaction with an atom in-
creases with the atom charge. Therefore, heavier elements represent more power-
ful scattering centers than light ones. That is, due to the increase of the Coulomb
force with increasing atomic number, the measured intensity is higher for heavy
atoms.

Inelastically scattered electrons excite various types of signals from the sam-
ple such as inner-shell electron ionization, braking radiation, secondary electrons,
phonons, plasmons, etc. The excited inner-shell electrons give rise to x-ray ra-
diation during deexcitation with the characteristic wavelength for each chemical
element. Electrons passing through atoms are decelerated by Coulomb force
which generates braking x-ray radiation, also called ’Bremsstrahlung’. Braking
radiation increases the background, and its intensity decreases with the incoming
electrons’ energy. Electrons located in the valence or conduction orbitals absorb
a smaller amount of energy and are ejected from the shell, so-called secondary
electrons (SE). SE originate from the surface layers of the sample; therefore,
the SE electrons are useful for imaging surface morphology.

Electron microscopy was performed using the TESCAN, Mira I LMH. Elec-
trons produced by the Schottky field emission gun are accelerated by an applica-
tion of the high voltage (up to 30 kV); the path and diameter of an electron beam
are adjusted by the system of electromagnetic lenses. A microscope is equipped
with the SE and BSE detectors, which collect information on the topography
and atomic contrast of the sample [51]. X-rays emitted during the relaxation
of electrons from the inner shells unambiguously identify the chemical elements,
and the intensity of respective peaks shows their relative content in the sample.
To analyse the characteristic x-ray radiation from the sample, the energy dis-
persive Bruker AXS x-ray detector (EDX), which transfers incoming photons to
an electrical current-voltage signal, is installed. The EDX signal is collected and
processed using Esprit software [53].
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2.4 Specific heat

Thermodynamical properties of the sample can be effectively studied using spe-
cific heat measurements. Specific heat is defined as the amount of heat Q supplied
to the unit mass of the sample in order to increase the temperature of the sample
by 1 K. The character of the thermodynamical process of the increase in temper-
ature can be described by the parameter that remains constant. In the case of
constant specific volume V , the expression for specific heat CV is written as

CV =

(︃
δ2F

δT 2

)︃
= T

(︃
dS

dT

)︃
V

, (2.6)

where F stands for the Helmholtz free energy, and dS denotes
the entropy of the system. The derivative of F and S is performed under constant
volume V . The standard specific heat measurement is performed under constant
pressure, and the isobaric specific heat Cp is obtained. The difference between

Cp and CV can be expressed as Cp − CV = 9α2TVm

κ
, where κ is the isothermal

compressibility, α stands for an isobaric thermal expansivity and Vm denotes the
molar volume at constant pressure. Generally, CV is taken for a good approxi-
mation of Cp, especially below 100 K (see [54]).

Specific heat consists of conduction electrons, lattice, magnetic and nuclear
contributions. The contributions dominating the higher temperatures are the lat-
tice vibrations, phonons. In the condensed matter system consisting of n different
atoms, phonon modes can be divided into three linearly k-dispersing acoustic and
3n-3 optical phonon branches. The Einstein model of optical phonons supposes
the vibration of the lattice as a set of harmonic oscillators contrary to the Debye
model of acoustic phonons, which considers the sample as a continuous vibrat-
ing elastic body with a maximum number of vibration modes represented by
the Debye frequency ωD and Debye temperature ΘD connected via the relation
ΘD = hωD

kB
. The low-temperature specific heat has a cubic dependence on temper-

ature and can be consistently described by the Debye model: Cph = βT 3, where
β = 1944.3

ΘD
[55]. At high temperatures, the value of specific heat based on 1 mole

of matter tends to reach the Dulong-Petite limit of 3nR, reflecting the number of
moles n and the universal gas constant R.

Free electrons are considered to interact with a periodically arranged lattice
of positively charged ions. Since the electrons are fermions, the electrons occupy
energies from the lowest to the highest, Fermi energy EF . The Fermi energy is
connected to the Fermi temperature TF defined as EF = kBTF [55]. Increasing
temperature the electrons near Fermi edge are excited in the ratio proportional
to T/TF and Cel can be described as 1

2
π2Nk2B

T
TF

= γT , where the Sommerfeld
coefficient γ reflects the density of the electrons on the Fermi surface.

In materials containing ions with a magnetic moment, the magnetic specific
heat Cmag reflects the ordering of magnetic ions in the lattice and CEF contri-
butions. With increasing temperature, the population of higher energetic levels
is reflected in the increase of magnetic specific heat described by the Schottky
contribution, CSchott. The analytical expression for CSchott was derived as follows:

CSchott = kBNA

⎛⎜⎝
∑︁l

i=1

(︂
Ei

kBT

)︂2
e
− Ei

kBT∑︁l
i=1 e

− Ei
kBT

−

⎛⎝∑︁l
i=1

Ei

kBT
e
− Ei

kBT∑︁l
i=1 e

− Ei
kBT

⎞⎠2
⎞⎟⎠ , (2.7)
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where the summation goes over the number of magnetic ion energy levels l
with energy Ei. The change in entropy ∆S connected to the population of energy
levels is derived as

∆S = R ln(l) (2.8)

for 1 mole of matter.
Determining Cmag allows us to calculate the magnetic entropy Smag(T ) via

a relation

Smag(T ) =

∫︂ T

0

Cmag(T
′)

T ′ dT ′ + S0, (2.9)

where S0 is a constant with the entropy value at T = 0 K and according to the
third law of thermodynamics is zero.

The experimental realization of the specific heat measurement was done us-
ing the Physical Properties Measurement System (PPMS), Quantum Design.
For thermodynamic measurements A2Ir2O7 polycrystals were cold-pressed into
the solid pellets. Apiezon grease was employed to maintain good thermal contact
between the sample and measurement device (so-called puck, where the sample is
installed on the measuring platform) [56]. The heater supplies a specific amount of
heat while the thermometer monitors the actual temperature development during
the heating and cooling process. The accessible experimental temperatures range
from 330 to 0.4 K. While temperatures down to 1.8 K are achieved using 4He gas,
the use of He3 option with 3He isotope enables the sample to cool to 0.4 K. The
measurement is performed under high vacuum condition; therefore, the thermal-
ization of the prevailing system is conducted through thin wires connecting the
platform and the thermal bath; for the measurement, the time-relaxation method
was employed.

2.5 Magnetization measurement

Magnetic properties of the sample can be effectively investigated by magnetization
measurement, which is defined as a total magnetic moment per unit volume M .
To measure the magnetic response, an external magnetic field of induction B
is applied. Magnetic induction is connected to the magnetic field intensity H
through the relation B = µ0H where µ0 is the permeability of the vacuum.

Assuming the linear response of the system, the magnetic susceptibility
↔
χ is

defined as [55]

B = µ0(H +M ) =
↔
χ H . (2.10)

Considering the expressions from the section 1.1, the magnetic properties can be
derived under some simplifying assumptions. In the system of magnetic moments
in thermal equilibrium with the reservoir at temperature T , magnetization can
be expressed as a function of field and temperature

M(H,T ) =
N

V
gµBJBJ(

gµBJH

kBT
), (2.11)

where the BJ(x) stands for Brillouin function and is defined as
2J+1
2J

cotgh(2J+1
2J

x)− 1
2J
cotgh( 1

2J
x). Combining the definition of susceptibility 2.10
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and the relation for the magnetization 2.11 the susceptibility of non-interacting
system is written as

χ =
M

H
=

g2µ2
BJ(J + 1)

3kBT

N

V
=

µ2
eff

kBT

N

V
≡ C

T
. (2.12)

The relation defines a Curie constant C and the effective magnetic moment
µeff = gµB

√︁
J(J + 1). The paramagnetic susceptibility 2.12 is positive and field-

independent. It decreases with increasing temperature as the thermally driven
disorder of magnetic moments grows.

A simple approach to model a system with magnetic interactions is the mean
field theory also known as molecular field approximation [57]. The idea of this
approach is to approximate the two-ion interaction by the effective single-ion
therm. The expression for the magnetization is enriched by the additional term
HEff reflecting the effective field

MMF =
g2µ2

BJ(J + 1)

3kBT

N

V
(H +HEff ). (2.13)

The magnetic susceptibility of the system described by the relation 2.13 is written
as

χMF =
g2µ2

BJ(J + 1)

3kBT

N

V

[︃
1− J(J + 1)J (q)ex

3kBT

]︃−1

≡ C

T −Θp

, (2.14)

which is called the Curie-Weiss law. J (q)ex denotes the sum of the exchange in-
tegrals

∑︁
i,j J

ex
ij e

−iq · (Ri−Rj) over the i, j moment couple. Due to the magnetic
interactions below Θp, a Curie temperature, the spontaneous magnetic ordering
is expected. The system with ferromagnetic interactions is characterised by the
positive value of Θp and the divergence of χ when approaching Θp. Antifer-
romagnetic interactions are characterised by the negative value of Θp and the
paramagnetic susceptibility of the form

χMF =
C

T + |Θp|
. (2.15)

Θp derived for the antiferromagnetic Néel sublattice is connected with the max-
imum value of the exchange integral J (q)ex and its negative value prevents the
paramagnetic χMF to diverge at Θp. The use of the mean field analysis for
compounds with a localized character of magnetic ions, such as rare-earth-based
compounds, is relevant and gives the information of prevailing magnetic correla-
tions and ordering temperatures.

Experimental realization of the M(H,T ) measurement was performed using
the Magnetic Properties Measurement System, Quantum Design (MPMS7) [58].
The fundamental unit in the MPMS machine is the superconducting quantum in-
terference device (SQUID) [59]. The sample moves through a system of supercon-
ducting detection coils, which are connected to the SQUID with superconducting
wires. The magnetic moment of the moving sample induces an electric current in
the detection coils, which is converted to the sample magnetization signal.

In order to study magnetic moments on the AIAO iridium domain walls
(see section 4.6), the isothermal magnetization M(H) was measured under three
different cooling protocols: i) zero-field cooled measurement (ZFC) where the
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sample is cooled in zero external field from 200 K (well above any magnetic tran-
sition in A2Ir2O7) down to the target temperature, the M(H) loop is measured
from 0 T to 7 T, down to -7 T and up to 0 T. ii) 7 T field cooled measurement
(7 T FC), characterised by an application of 7 T field at 200 K and cooling of
the sample down to target temperature. Measurement is done in the same way
as for ZFC regime. iii) -7 T field-cooled loop (-7 T FC) is the same as ii), but
the field of -7 T is applied at 200 K.

2.6 Inelastic neutron scattering

Neutron scattering was proven to be a valuable technique for the study of struc-
ture, dynamics, and also magnetism in condensed matter systems. Neutrons
are characterised by the zero electric charge and magnetic moment of 1.0419 ·
10−3 µB [60]. Neutron radiation is scattered directly by the sample nuclei, which
is governed by strong interaction as an acting force. The magnetic moments of
neutrons reflect the magnetic moments of sample electrons via dipole-dipole inter-
action; thus, crystallographic and also magnetic structures can be revealed. The
wavelength of neutron radiation is determined by its energy. For thermal neu-
trons (∼ 102 meV [48]), the wavelength reaches ∼ 10−10 m, which fits perfectly
with the interatomic distances in condensed matter systems.

According to the energy transfer in the experiment, two kinds of neutron
scattering techniques can be distinguished. Once the kinetic energy of incom-
ing and outgoing neutrons is equal, the experiment is called elastic scattering.
The elastic events provide information about both crystallographic and magnetic
structures, and short-range correlations can also be identified. While neutrons
have no excitable degrees of freedom and the sample target is massive in com-
parison with individual neutrons, the conservation of neutron kinetic energy also
implies the conservation of target kinetic energy. In the case of energy transfer
between neutrons and the studied sample, a variety of excitation processes in the
target can be studied.

Neutron is characterised by its wave vector k and spin state σ, which can
be omitted in the case of an unpolarized neutron beam. The neutron energy is
given by the relation E = ℏ2k2

2mn
= mnv2

2
, where mn is the neutron mass and v its

velocity. Neutron scattering on the sample involves the transfer of energy and
momentum between the neutron and the target, and it is governed by the energy
and momentum conservation rules [48]:

ℏω = Ei − Ef =
ℏ2

2mn

(︁
k2
i − k2

f

)︁
(2.16)

and
Q = ki − kf . (2.17)

A difference between wave-vectors of the incoming neutron ki and scattered neu-
tron kf is known as a scattering vector Q.

Interaction of the neutrons and the target can be treated within the pertur-
bation theory [18] considering the stationary interaction of a neutron with the
nucleus and with an electromagnetic field. The interaction potential causes the
change of the neutron wave vector; however, the potential is considered to be
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weak; thus, the final state of the neutron+target does not differ from the initial
state (first Born approximation, [18]).

Neutron scattering experiments can be analyzed by introducing the cross-
section σ. A total cross-section is the probability of the neutrons being scattered
by the target irrespective of any direction and energy changes. In the case of
scattering by the particular nucleus, σ equals to πb2, where b denotes the scat-
tering length characteristic for a given isotope (tabulated values can be found in
[61]). The experimental conditions restrict the detection of a neutron scattered
in the given direction, which is expressed by a solid angle Ω, the scattering can
then be described by the differential cross-section dσ

dΩ
. Also, the energy of the

scattered neutrons should be considered; the differentiation of the cross-section
with respect to energy leads to the general formula for the partial differential
cross-section [48]

d2σ

dΩdω
=

kf
ki
b2S(Q, ω), (2.18)

which expresses the probability that a neutron will be scattered into the solid
angle dΩ within the energy interval dE (the equivalence of the neutron energy
E and the frequency ω is used, 2.16). In the equation 2.18 the scattering event
is divided into the part dependent on the particular neutron wavelength (the
kf
ki

factor) and the part dependent only on the physical properties of the sys-
tem under study S(Q, ω), the scattering function. It is useful to describe the
differential cross-section for certain important experimental cases. The coherent
neutron scattering events without energy transfer represent neutron diffraction
as described in the previous section 2.2.

Besides the investigation of the crystal structure, neutron diffraction also of-
fers a possibility to study magnetic structures. Neutron magnetic scattering is
governed by the dipole-dipole interaction; two terms can describe the interacting
potential: the interaction between the neutron magnetic field and the electron
current produced by the orbital motion of electrons and the interaction of the
neutron magnetic moments with a spin of electrons. The magnetic scattering
event is characterised by the magnetic differential cross-section [48]

d2σ

dΩdω
=

kf
ki
(ξr0)

2Smag(Q, ω), (2.19)

where (ξr0) expresses the strength of a dipolar interaction and equals 1.384 fm.
The magnetic structure factor Smag(Q,ω) can be obtained as [48]

Smag(Q,ω) =
1

2π

∫︂ ∞

−∞
dte−iωt⟨M ∗

⊥(−Q, 0) ·M⊥(Q, t)⟩. (2.20)

Magnetic interaction operator M (Q, t) is the Fourier transform of the total (spin
and orbital) magnetic density, due to the character of the interaction just the
magnetic moments perpendicular to the wave vector transfer Q contribute to the
scattering, which is expressed by the index ⊥.

Neutron scattering is an irreplaceable tool for the investigation of sample ex-
citation spectra. The excitations of the single-site lattice particle are successfully
treated by inelastic neutron scattering. Those excitations are, for example, crys-
tal field excitations, lattice vibrations or spin-orbit transitions. The use of the
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perturbation theory, considering the expression 2.20 and matrix element of the
crystal field acting on a magnetic ion multiplet, the inelastic magnetic scattering
cross-section reads [48]

d2σ

dΩdω
=

kf
ki
(ξr0)

2f 2(Q)e−2W
∑︂
m,n,α

pn

(︄
1−

(︃
Qα

Q

)︃2
)︄

·

·|⟨Γn|ˆ︂Jα|Γm⟩|2δ(ℏω + En − Em). (2.21)

Magnetic scattering form factor f(Q) is the Fourier transform of the normalized
magnetic density; it decreases with increasing modulus of the scattering vec-

tor Q. The polarization factor 1 −
(︂

Qα

Q

)︂
indicates that just the component of

the magnetic fluctuations perpendicular to scattering vector Q are detected. In
the case that ω is a positive quantity, neutrons lose energy during the scattering
process, and the system is excitated from the initial state Γn to the final state
Γm. The difference between Γm energy Em and the Γn energy En equals to ℏω
and the probability of the initial state thermal population is denoted by pn. The
measurement of the inelastic neutron scattering thus provides a possibility to
unambiguously determine the crystal field potential with the proper use of the
magnetic ion wave function Γn.

Inelastic neutron scattering experiments were performed using the MARI
time-of-flight spectrometer at Rutherford Appleton Laboratory (ISIS) [62]. The
experiment on Er2Ir2O7 carried out on ∼ 6 g samples with incident neutron en-
ergies, Ei, of 10, 30, 120, and 180 meV at temperatures 5, 60, 100, and 200 K.
INS on Tm7Ir2O7 and Lu7Ir2O7 were performed on samples with a mass of ∼ 6 g
at temperatures of 5 and 100 K with incident energies of 30 and 180 meV. With
Ei of 120 meV, temperatures of 5, 100, and 200 K were measured. Samples were
packed in aluminum foil in an annular geometry, and placed inside an aluminum
cylindrical sample holder with a diameter of 4 cm. Auxiliary measurements
of an empty container and vanadium for calibration purposes were performed.
Data were corrected for container scattering, absorption and selfshielding, detec-
tor efficiency variation, and energy dependence. Normalization to a vanadium
standard allowed calculation of the dynamic structure factor S(Q,ω) in absolute
units, employing the software package MANTIDPLOT [63].

2.7 AC-sucseptibility

Applying a DC magnetic field and subsequent measurement of the sample re-
sponse provide information on the equilibria sample magnetization. The dynam-
ical properties of the magnetic moments can be investigated by measurement of
the response to an external AC magnetic field. Generally, the external magnetic
field has the form

H = HDC +HAC cos(ωt) (2.22)

which contains both a static component HDC and time-dependent field
with the amplitude HAC and frequency ω = 2πf , the static external field is
zero. The AC susceptibility then probes the ground state magnetic excitations
due to the typically low value of the HAC amplitude. Under the assumption of the
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linear response of the system, the oscillating response χAC is defined analogously
to the χ in the previous section 2.5 as

χAC =
MAC

HAC

. (2.23)

Magnetic moments in the sample are excited by the applied oscillating field,
the thermodynamic equilibrium of the moments is restored after the relaxation
time τ . The sensitivity of the χAC measurement to the magnetic relaxation is
determined by the relation between the frequency of the external field ω and
relaxation of the system τ .

First, the case of ω ≫ 1/τ characterises the regime of the DC susceptibility
limit in which the system responds instantaneously to the AC field. Moments
have enough time to exchange their energy with the lattice and the isothermal
susceptibility χT is measured [64]. The opposite limit case ω ≪ 1/τ describes
the situation when the perturbation field oscillates too quickly for the magnetic
moments to respond. The exchange with the lattice does not thermalize the
excited moments, and the detected susceptibility is called adiabatic, χS.

The comparable values of the oscillating magnetic field ω and the relaxation
time of the system 1/τ enable to detect a more complex response. In the inter-
mediate regime, the χAC response consists of two components: the real χ′

AC and
the imaginary χ′′

AC parts. The χAC is then a complex number

χAC = χ′
AC + iχ′′

AC . (2.24)

χ′
AC stands for the in-phase response to the perturbation, whereas the off-phase

χ′′
AC results from the difference between the frequency of the perturbation field

and the relaxation frequency of the system.

The general relation for the system with the linear response to the external
perturbation connects the real and imaginary parts of the response function χAC

by the Kramers-Kronig relations [65]

χ′
AC =

1

π
P

∫︂ ∞

−∞

χ′′
AC(ω

′)

ω′ − ω
dω′, (2.25)

χ′′
AC = − 1

π
P

∫︂ ∞

−∞

χ′
AC(ω

′)

ω′ − ω
dω′, (2.26)

where P denotes a Cauchy principal value of the integral in order to avoid the
singularity. In the limiting cases of ω = 0 and ω = ∞ the χ′′

AC vanishes, and χAC

reaches its isothermal and adiabatic value, respectively.

The experimental realization of the AC susceptibility measurement was per-
formed using the homemade extension of the PPMS device with the ACMS op-
tion. The puck for measurement consists of the primary coil, which generates
the alternating magnetic field; a signal from the sample is detected as a change
of the secondary coil voltage. For better measurement precision, the secondary
coil is split into two parts with opposite windings and a sample placed in the
centre of one part. The frequencies from 1 to 105 Hz can be measured and the
device can be used with the He3 option.
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2.8 Muon spin resonance

Muon spin resonance (µSR) technique is a powerful microscopic tool for the inves-
tigation of various aspects of magnetism. Positively charged muons are implanted
into the matter; interaction with the local magnetic field is reflected in the change
of the muon spin direction. Therefore, a character of the spatial distribution and
dynamics of the magnetic field present in the sample can be detected by muon
decay measurement.

A positively charged muon µ+ is an elementary particle which belongs to
the second generation of leptons with a mass of 1.88·10−28 kg, electric charge
of e, spin of 1/2 and the lifetime τµ of 2.1969 s [60]. Although µ+ are produced
in a variety of high energy collisions of particles, µSR experiments require muons
that will stop at the studied sample. The low-energy muons are the products
of the decay of pions π+ with a lifetime of 26·10−9 s [60], which are the results
of proton collisions with the target made of light elements (carbon or beryllium).
The products of the weak pion decay are µ+ and muon neutrino. Due to the
parity violation in the weak interaction, the muon spin is polarized oppositely to
its momentum; thus, the muon beam arriving at the sample is 100% polarized.

Muon decay is accompanied by the emergence of muon neutrino νµ,
positron neutrino νe+ and positron e+. The quantitative treatment of muon
decay is based on the measurement of the probability of positron emission per
unit of time as a function of solid angle and energy. Considering the preferential
positron imitation in the direction of the muon spin and the weak interaction
which governs the decay, the angular distribution of the emitted positrons dΓ
into the solid angle Ω = sin(Θ)dΘdϕ is written as [66]

dΓ =
1

4πτµ

(︃
1 +

1

3
cos(Θ)

)︃
dΩ. (2.27)

The number of positrons Ne+(t) emitted at time t during the decay of Nµ(0)
muons in the interval dt detected over the full solid angle dΩ is expressed as

Ne+(t) = ΓNµ(t) = −dNµ

dt
=

1

τµ
Nµ(0)e

− t
τµ . (2.28)

Introducing the average beam polarization P (t) and the position vector n of
the positron detector together with the combination of equations 2.27 and 2.28
leads to the expression of the detected positrons

Ne+(t) = B +N0 (1 + A0P (t) · n) , (2.29)

whereB stands for the background contribution, the starting intensity of positrons
N0 accounts for the energetical effectivity of detectors. A0 represents the asym-
metry term of the positron emission which can be lower than the theoretical limit
of 1

3
. The time evolution of the scalar product of P (t) and n contains information

about the interaction between muons and the investigated material.
In basic time-differential measurement, the time between muon implantation

and positron production is measured. The opposite backward and forward detec-
tors with position vectors nB and nF are installed around the sample. Consid-
ering the equation 2.29, both detectors contain the same information except for
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the antiparallel vectors nB and nF . Therefore, the µSR signal can be obtained
combining the backward and forward raw signals as follows:

A0P (t) =
NB(t)−NF (t)

NB(t) +NF (t)
. (2.30)

The resulting histogram consists of the positron counts versus the time spent by
the muons in the sample. Decay of the average positron counts is caused by a
finite muon lifetime; an anisotropy of the muon decay is reflected by the shortage
or excess of events on the opposite detectors. The key to understanding the
properties of the sample is the analysis of the muon relaxation function.

An important parameter of the µSR experiment is the character of the muon
source. The muon sources for the condensed matter experiment can be divided
into two categories according to the time structure of the particle accelerator:
pulsed and continuous.

The µSR experiment was performed using a MUSR spectrometer at Ruther-
ford Appleton Laboratory (RAL, ISIS), Didcot [67]. The synchrotron source at
ISIS produces a pulsed muon beam with a structure of 100 ns, and a repeti-
tion rate of 50 Hz [68]. When the muons arrive at the sample in the group, the
individual detection of the muons is not possible. However, the measurement
of all decayed positrons at once permits higher measurement statistics. The
time resolution of the experiment in the pulsed beam is restricted by the width
of the pulse. Zero-field and longitudinal-field (up to 3 kG) were performed on
∼ 2.5 g of polycrystalline sample packed in a standard µSR Ag plate sample
holder with a small amount of dilute GE-varnish for improved thermalisation
and covered with an Ag foil. Measurements in the range 2.5 K < T < 240.0 K
were performed in a Variox, He exchange cryostat, while a 3He sorption cryostat
was used for measurements in the range 0.3 K < T < 20.0 K. The asymmetry
was corrected for detector efficiencies and sample-environment attenuation using
a high-temperature TF20 (transverse field, 20 G) measurement, separately for
each cryostat setup.

Muon spectroscopy was also conducted on the GPS spectrometer at the Paul
Scherrer Institute, Switzerland, with the continuous muon beam produced by the
cyclotron [69]. The beam time microstructure is determined by the electrical field
switching of the frequency 50 MHz. The bunch of muons is produced every 20 ns;
however, considering the pion lifetime (26 ns [60]), the muon rate on the beamline
can be considered as continuous. The time resolution of the experiment is given
by the quality of the detectors and electronics and is significantly higher than
in the case of the pulsed beam experiment. The background contribution to the
measurement is ∼1% of the signal within the time window of 10 µs contrary to
the pulsed beam experiments, which are essentially background free in the 20 µs
time window.

28



3. Previous results

3.1 Crystal structure of A2Ir2O7

A2Ir2O7 family of compounds, where A stands for the rare-earth ion, is part of
a broad family of mixed oxides A2B2O7 with B being the p- or d- element. The
crystal structure of most of A2B2O7 was identified as cubic and described with
the space group n. 227, F d 3̄ m, the structure of mineral pyrochlore [1]. The
stability of the pyrochlore structure, however, strongly depends on the ratio be-
tween the A and B ionic radii. The A2B2O7 compounds with rA/rB < 1.48, that
is compounds with A = Dy - Yb and B = Zr, Hf or Pb, have been found to
crystallize in a defect flourite structure (n. 225, F m 3̄ m), combination of heavy
rare-earth ions and B = Zr, Hf or Pb, while the counterparts with rA/rB > 1.78
adopt the layered perovskite structure P 21 (B = Ti, V or Ge). Moreover, the
preparation conditions play a significant role and can lead to structure polymor-
phism as described in the case of, e.g., Gd2Zr2O7 [70] or A2Hf2O7 [71]. Focusing
on the subject of present thesis, all A2Ir2O7 compounds crystallize in the F d 3̄ m
structure, which is illustrated in Figure 3.1.

Figure 3.1. Crystal structure of A2Ir2O7 compounds. a) The rare-earth
(red) and iridium (yellow) sublattices arranged in the corner-sharing tetrahedra
sublattices, oxygen ions are not shown for better clarity. b) The oxygen sur-
rounding of the rare-earth and iridium ions. Two crystallographic positions of
the oxygen ions are denoted as dark (8b) and light (48f) blue, the virtual oxygen
vacancy site 8a is depicted as well (grey symbols).

A and Ir cations are ordered parallel to the ⟨110⟩ direction separated by
(︁
1
2
1
2
1
2

)︁
with respect to the origin. For the space group F d 3̄m and origin choice 2, A and
Ir ions occupy (000) 16c and

(︁
1
2
1
2
1
2

)︁
16d Wyckoff positions, both forming the net

of corner-sharing tetrahedra and both having the 3m site symmetry. The rare-
earth ions are surrounded by oxygen anions on

(︁
3
8
3
8
3
8

)︁
8b and

(︁
x, 1

8
1
8

)︁
48f positions,

forming cubic cages around A. The octahedral surrounding of the Ir ions consists
of six 48f oxygens. The virtual oxygen 8a position is displayed for completeness
as it well demonstrates one of the main differences between F m 3̄ m and F d 3̄ m
structures. Cubic and octagonal oxygen cages are generally not perfect as the
free parameter x of the 48f oxygen site differs from the ideal value of 0.375.
It is supposed to have a crucial impact on the physical properties of A2Ir2O7
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materials. The fraction coordinate x characterises the distortion of the local Ir
environment; the elongation (x < xid) or compression (x > xid) of the octahedron
along ⟨111⟩. However, the trigonal symmetry of the iridium surrounding is pre-
served. All A2Ir2O7 reveal the compression of the oxygen octahedra around the
iridium (x ranges from 0.33 to 0.35). The lattice parameter a ranges from 10.1
to 10.4 Å depending on the rare-earth element [1, 72, 73]. A weak evolution of a
and x within the A2Ir2O7 series, that is, the crystal structure and related symme-
tries are preserved, allows to systematically investigate electronic and magnetic
properties of pyrochlore iridates dependent primarily on the A3+ ion.

An inherent frustration of both A and Ir tetrahedrons’ sublattices has a sig-
nificant impact on the magnetic properties, as described in section 1.4. The
frustration of magnetic moments can suppress the magnetic ordering down to
low temperature, which could lead to strongly correlated spin-liquid states or
frozen spin-ice states with possible fractionalization of magnetic moments. The
competition of the frustration and magnetic correlations predicts the emergence
of exotic electronic states in the pyrochlore iridate family, which are briefly in-
troduced in the following section.

3.2 Electronic states in A2Ir2O7

In A2Ir2O7 pyrochlores, coexistence of geometrical frustration of both A and Ir
magnetic sublattices, the effect of SOC, exchange, and dipolar interaction give
rise to a plethora of exotic electronic phenomena. The competition between the
spin-orbit coupling and Coulomb correlations generates topologically nontrivial
states [74] as was introduced in the section 1.2. The exchange between A - Ir
spins could drive an unusual magnetic order of A moments or significantly affect
electrical properties of compounds. The coexistence of the listed physical phe-
nomena puts the investigation of iridate pyrochlores at the forefront of scientific
interest, resulting in dozens of publications.

High-temperature electronic properties of A2Ir2O7 range from the metallic
behaviour of light rare-earth (A = Pr - Sm) over weakly metallic (A = Eu - Tb)
to a non-metal state of heavy rare-earth members. With decreasing tempera-
ture an abrupt increase in resistivity is observed below TIr with the exception
of Pr2Ir2O7, which remains metallic down to the lowest temperatures [11]. TIr in-
creases steeply from 30 K for Nd2Ir2O7 to 120 K in the case of Eu2Ir2O7 [8].
A weak increase of TIr is found in the heavy rare-earth end of the A2Ir2O7 series
[9, 10, 75].

Observed increase of resistivity below TIr is accompanied by a characteristic
feature in the magnetization data, where the zero field-cooled and field-cooled
magnetization curves bifurcate [8, 9, 10, 75]. The ferromagnetic nature of cor-
relations between Ir moments is disproved by the absence of the magnetic hys-
teresis, pointing rather to the antiferromagnetic type of ordering. The emergence
of magnetic ordering in A2Ir2O7 was also suggested by the µSR experiments for
A = Nd [76], Eu [77], Sm[76] and Yb [10].

Presence of iridium magnetic ordering below TIr was proven by neutron scat-
tering experiments in the case of A = Lu and Yb [13], Tb2Ir2O7 [16], Eu2Ir2O7 [78]
and Nd2Ir2O7 [79]. Magnetic structure was described by k = (0, 0, 0) propagation
vector and all-in-all-out (AIAO) antiferromagnetic ordering. Ordered magnetic

30



moments of iridium ions point all in or all out from the tetrahedra along a local
⟨111⟩ axis, (Figure 1.3 in section 1.4). A reduced value of the ordered Ir moment
(∼ 0.5 µB for Yb2Ir2O7 [13]) was ascribed to additional short-range correlations
between iridium moments. A presence of short-range correlations was further
supported by the analysis of the entropy related to the iridium transition for
A = Nd, Sm, and Eu, which showed a significantly reduced value in comparison
with the expectation for S = 1/2 state [8].

A phenomenon closely related to the arrangement of iridium moments con-
cerns the behaviour of domain walls. Ordering of iridium ions on the pyrochlore
lattice can be realized by the AIOA or AOAI domains. Topology-based consid-
erations predict the domain interface to host a nontrivial conducting state [80].
Indeed, an experimental study of local magnetometry on Nd2Ir2O7 confirmed the
presence of metallic domain walls coexisting with the insulating bulk state [81].
The magnetization and resistivity studies of Eu2Ir2O7 and Lu2Ir2O7 showed a
small vertical shift of isothermal magnetization and resistivity curves below the
TIr depending on the sign of an applied field [75, 82]; the emergence of the fer-
romagnetically coupled spin layer on the AIAO/AOAI domain boundaries was
suggested to explain an asymmetric magnetic behaviour.

Introduction of magnetic ions on A sublattice increases the complexity of
the A2Ir2O7 magnetic structure with possible A - Ir coupling. Neutron study of
Nd2Ir2O7 found an AIAO ordering of Nd ions below 10 K [79], which was also
supported by the µSR experiment revealing a ferromagnetic interaction between
Ir-Nd [76]. The ordered moment of Nd ion was found to be reduced to ∼1/2 with
respect to the expected value, which was ascribed to the quantum fluctuations
of Kramer’s doublet ground state. Based on the µSR study of Sm2Ir2O7, the
development of the long-range ordering of Sm moments was identified below 10 K,
and an antiferromagnetic coupling between Sm and Ir ions was inferred [76]. The
entanglement of the rare-earth and iridium sublattices was further documented
in the case of Tb2Ir2O7 with Ir moments ordered into AIAO with concomitant
AIAO ordering of Tb moments at 125 K and a second XY component of Tb
moment ordering at 10 K [16]. It indicates that the ordering of the Ir sublattice
is not influenced by the Tb sublattice at around TIr, but rather the opposite.

Low-temperature properties of A2Ir2O7 reflect the interactions between rare-
earth ions and also the influence of A - Ir coupling. The exceptional case of
spin-liquid candidate Pr2Ir2O7 does not reveal any sign of magnetic ordering
down to 70 mK [11], the iridium electrons remain conducting and the Ising-like
Pr moments partially freeze at 120 mK due to the strong frustration. The ground
state of Yb2Ir2O7 results from competing interactions between magnetic ions and
strong planar single-ion anisotropy of Yb, leading to the partially ordered ferro-
magnetic state with the reduced magnetic moments of Yb ions [13]. The iridium
analogues of the titanium-based spin ice compounds Dy2Ir2O7 and Ho2Ir2O7 re-
veal a fragmented monopole crystal state consisting of the partially ordered Dy
and Ho moments in the AIAO structure and other component of magnetic mo-
ments remaining dynamic in the 2-in-2-out Coulomb phase [14, 15].
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4. Experimental results

4.1 Synthesis and characterisation of A2Ir2O7

In this section, the preparation of A2Ir2O7 iridate is illustrated on the case
of Er2Ir2O7, the representative of a heavy rare-earth member of the series. Prepa-
ration routes of solid-state reaction, hydrothermal synthesis, and flux growth
were employed. Products were characterised using x-ray diffraction, electron mi-
croscopy and analysis of characteristic radiation spectra, for details see sections
2.2 and 2.3. The optimized synthesis process was successfully used for the prepa-
ration of other heavy rare-earth A2Ir2O7 polycrystals. The results of this chapter
were recently published in papers [83, 84].

4.1.1 Solid-state synthesis of Er2Ir2O7

Based on previous studies (see e.g. [8, 85, 86]), Er2Ir2O7 has initially been pre-
pared by a standard solid state reaction. The starting materials, Er2O3 and IrO2

powders (AlfaAesar, declared purity of 99.99%) were dried separately under ac-
tive vacuum at a temperature of 200°C to remove moisture. The starting oxides
were then weighted to obtain the molar ratio Er2O3:IrO2 = 1:2, and subsequently
mixed in an agare mortar and inserted into a platinum crucible, which was placed
into the resistance super-kanthal furnace. The free surface of the mixture in the
platinum crucible was in direct contact with air.

The initial reaction of 5 g sample was conducted in the air for 12 hours at tem-
peratures ranging from 300 to 1200°C with a step of 100°C. The reacted sample
was reground to better homogenize the products and reactants and improve the
reaction conditions in the next step. A portion of the sample was separated
for analysis by x-ray diffraction at each stage. The analysed sample was subse-
quently mixed again with the rest of the reactants and treated at a higher tem-
perature. Repeating this process, ten diffraction patterns were collected. The
diffraction patterns and fits to the model structure(s) are presented in Figure 4.1.

Patterns measured at 300°C consist solely of contributions from the initial
oxides (and Ir). High intensity peaks corresponding to Er2O3 (space group I a−3,
n. 206, a = 10.559(1) Å) are clearly pronounced. On the other hand, the patterns
of the iridium oxide have a rather amorphous character; the broadness of the
observed peaks reflects the size of grains of the IrO2 nano-powder. Moreover,
already at such a low temperature as 300°C, a decomposition of IrO2 (space
group P42/m n m, n. 136, a = 4.499(3) Å, c = 3.155(1) Å) to Ir and O2 (and/or
other volatile iridates) is observed – the reflections corresponding to elemental
iridium (F m 3̄ m, n. 225, a = 3.8409Å) are observed at a number of 2θ positions
(41.0°, 47.2° or 69.0°). The sum of mole fractions of Ir and IrO2 in the sample is
65(3)%, nearly the expected value for the initially stoichiometric sample.

When increasing the temperature to 400°C, broad peaks of the IrO2 phase
become more pronounced (see Figure 4.1a), while the rest of the peaks change
negligibly. IrO2 peaks gradually sharpen as the temperature increases to 900°C.
Following the development of IrO2 reflections at 28, 34 and 69°, and using the
Scherrer formula for crystallite size [87], the evolution of IrO2 grains is followed:
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4.6(2), 5.5(2), 15.2(7), 38(2), 46(2), 50(3) and 64(5) nm for 300, 400, 500, 600,
700, 800 and 900°C. Although the specific numbers represent only a lower bound
to crystallite size, as the formula does not account for a wide range of defects or
mechanisms that can broaden reflections, the trend of increasing the coherently
scattering grain size with increasing-temperature thermal treatments is clearly
evident.

Figure 4.1. Synthesis of Er2Ir2O7 by solid state reaction. a) x-ray
diffraction patterns collected after each solid state reaction cycle at given temper-
ature and corresponding Rietveld fits (black lines). Individual phases are marked
by symbols: Er2Ir2O7 (green triangle), IrO2 (purple square), Er2O3 (blue circle)
and Ir (red diamond). The guiding lines of respective colours are provided as well.
b) relative phase composition, c, derived by Rietveld fitting of x-ray diffraction
patterns. The lines connecting individual concentration points are guide to eye.

The mole fraction of iridium oxide decreases slightly when comparing the
sample at 500°C and 600°C (see Figure 4.1b). As the fraction of Er2O3 increases
while no Er2Ir2O7 phase is formed, the loss of IrO2(s) can be attributed to the
known disproportionation and the loss of volatile iridium oxides ([88]) according
to the relation

3IrO2(s) ⇌ Ir(s) + 2IrO3(g).

(s) and (g) symbols denote the solid and gaseous phases, respectively. The mole-
fraction sum of iridium and iridium dioxide decreases only slowly (0.03% hr−1),
relative to Er2O3, suggesting that the iridium loss is mainly from the surface
layer of the sample (within the Pt crucible). Further increase of temperature
leads to a stronger loss of IrO2 (2.8% hr−1). At temperatures above 600°C, the
mole-fraction of Ir is seen to decrease and is no longer observable at 1100°C. The
decrease is likely due to faster formation of volatile iridium oxides (IrO3(g)) as well
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as through the reaction with Er2O3(s) to form the Er2Ir2O7(s) product at higher
temperatures. At 900°C, the pyrochlore Er2Ir2O7 phase is formed and its mole-
fraction in the sample is 4.3(3)%, after the 12 hour reaction time. Simultaneously,
we did not observe any significant change of IrO2 patterns, while the Ir peaks
became much less intense. A further increase of temperature causes a strong
increase of the fraction of Er2Ir2O7, and simultaneously an abrupt decrease of IrO2

in the sample. The reaction is almost completed at 1100°C, when the amount of
both IrO2 and Ir in the sample is 2.3(5)% (Figure 4.1b).

Here, we mention the apparently increasing molar fraction of Er2O3 in the
sample starting from 34(1) mol.% at 300°C, increasing to 48(2) mol.% at 800°C,
just before the Er2Ir2O7 phase is formed and then due to the decomposition and
evaporation of volatile iridium oxides a final increase to 100% at 1200°C. Such
observation, together with knowledge of the high melting temperature and sta-
bility of Er2O3(s) (melting point 2344°C [89]), evidences an equilibrium state
between pyrochlore (ternary oxide) and precursory binary oxides, with contin-
uous evaporation of Ir as volatile oxides, even at 1000°C. Finally, at 1200°C
the increasing evaporation of the volatile iridium oxides, which are in equilib-
rium with Er2Ir2O7(s) and Er2O3(s) causes the eventual complete conversion
of Er2Ir2O7(s) back into Er2O3(s) (and evaporated IrOx(g)) to maintain the equi-
librium condition. Alternatively, one can speculate about the potential evapo-
ration of Er2Ir2O7. However, such a scenario is ruled out by the final sample
weight: the mass of Er2O3 in the initial mixture was, within the error, identical
with the mass of resulting 1200°C product.

Besides the phase analysis of incoming and resulting products, Er2Ir2O7 py-
rochlore phase and its temperature development reflected in the diffraction pat-
tern was investigated. The comparison between pyrochlore peaks formed at 900°C
(blue triangles), 1000°C (green circles), and 1100°C (red squares) at various 2θ po-
sitions was performed, the (222) and (400) peaks are shown in Figure 4.2a), d).
The subtraction of the background and the normalization of the intensity were
done to follow the respective peak shape development. For comparison of the py-
rochlore phase crystallinity, the model peaks based on the shape parameters
refined from LaB6 x-ray diffraction pattern (black lines) are used. The width
of pyrochlore peaks is significantly larger than the standard one leading to the
suggestion of a smaller coherently scattering size of Er2Ir2O7 crystallites. Using
the Debye-Scherrer formula described above, the pyrochlore phase crystallite size
can be estimated as follows: 40 nm for the products of 900°C reactions and 50 nm
for 1000 and 1100°C.

Another remarkable feature of pyrochlore reflections is their asymmetry.
A pseudo-Voigt function or any other symmetric peak shape function cannot
successfully model Er2Ir2O7 peaks. The difference curves of refined peak shape
profile function and measured data of (222) and (400) reflections at various tem-
peratures can be found in Figure 4.2b), e) (blue, green, and red colour correspond
to a reaction temperature of 900, 1000 and 1100°C). It should be noted that none
of the other phases (Er2O3, IrO2 or Ir) has any reflection within the investigated
2θ region, and hence the apparent broadening cannot be ascribed to the pres-
ence of reflections from those phases. The difference curves are asymmetric with
respect to the centre of each peak determined as the maxima intensity 2θ po-
sition and shifted to 0 degrees for better comparison. To further analyse the
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asymmetric behaviour, the pyrochlore peaks were divided into lower and higher
angle parts with the centre determined as a 2θ position with the highest inten-
sity. Then, the right side was fitted by the Lorentz peak shape function (dashed
lines of corresponding colours in Figure 4.2e),f), the difference between measured
data and the symmetrized peak profile can be found in the bottom parts of Fig-
ure 4.2 c), f). An enhanced signal centred at a lower 2θ position can be detected
for each reaction temperature. The asymmetry appears in the whole 2θ range;
therefore, the effect of axial divergence can be ruled out. Additionally, the in-
tensity of the asymmetric broadening appears to be lowered between 900 and
1000°C but remains constant after the thermal treatment at 1100°C - both evi-
dence suggesting an appearance of additional, pyrochlore-like phase with possible
larger lattice constant a. Due to the low intensity of the pyrochlore phase, the
additional asymmetric broadening signal statistic does not allow one to estimate
the precise value of its lattice constant.

Figure 4.2. Analysis of diffraction pattern peaks of Er2Ir2O7. (222) and
(400) reflections of Er2Ir2O7 phase synthesized at 900°C (blue triangles), 1000°C
(green circles) and 1100°C (red squares) (a, d).The black lines represent a LaB6

model peak at respective position. The difference curves (Er2Ir2O7 - LaB6 peaks)
are presented in panels b) and e). panels c) and f) contain the symmetrization
of the pyrochlore peaks (left axis), which leads to the low-angle tails (right axis).
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To explain the low-angle tail of the pyrochlore reflections, a possible higher
erbium content in Er2Ir2O7 is proposed: Doping of ideal stoichiometric A2B2O7

pyrochlore materials by A element addition to A2+xB2−xO7 pyrochlores with par-
tial A occupation of B position is known to be possible (e.g. Eu2Ir2O7 [90]).
Preparation of single crystalline materials with non-stoichiometric A/B ratio has
also previously been established [91]. The possible random occupation of erbium
ions of the iridium crystallographic position would lead to an increase of lattice
parameter whilst preserving the symmetry of the original Er2Ir2O7 pyrochlore
lattice. Taking into account the high loss rate of IrO2 by evaporation of volatile
oxides, the distribution of Er2+xIr2−xO7 compositions is expected to be erbium
rich (asymmetric composition variation), rather than a normal distribution about
the ideal 2-2-7 composition, resulting in an asymmetric lattice parameter distri-
bution skewed towards larger a. The observation of low-angle pyrochlore tail is
in agreement with this scenario.

Utilizing the acquired experience on the solid state reaction, i.e. phase(s)
development, Er2Ir2O7 formation, IrO2 decomposition and evaporation, we at-
tempted to optimise the synthesis process. Excess IrO2 was added to the start-
ing material, and the non-stoichiometric mixture was reacted at 1000°C – the
temperature, at which Er2Ir2O7 is formed and the decomposition of Er2Ir2O7 is
reasonable low. A mixture of IrO2 and Er2O3 in the 2.1:0.9 molar ratio was re-
peatedly reacted for 12 hours in air. After each reactive cycle, the sample was
thoroughly mixed by grinding, and the x-ray diffraction patterns were collected.

Figure 4.3. Products of solid state reaction with excess of IrO2. The
development of the relative phase concentration c of the mixture of initial oxides
Er2O3 and IrO2 with their molar ratio 0.9 : 1.1 repeatedly reacted at 1000°C.
Er2Ir2O7, Er2O3, IrO2 and Ir are labelled with green triangles, blue circles, purple
squares and red diamonds, respectively.

The pyrochlore phase was already formed during the first cycle
with 25(3) mol.% (see Figure 4.3). Besides the formation of the pyrochlore phase,
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partial decomposition of IrO2 is also followed in the diffraction patterns. Further
thermal cycling led to an increase of the Er2Ir2O7 mole fraction, and further de-
composition and reduction of IrO2. By cycle 6, almost all the IrO2 oxide was
reacted/decomposed, and the Er2Ir2O7 fraction was maximal (48.2(7) mol.%).
Additional thermal cycles did not improve the sample, but instead a decompo-
sition of the previously prepared Er2Ir2O7 is evidenced by the relative increase
of the Er2O3 fraction in the sample. Turning attention again to the peak shapes
(representative (222) and (400) reflections shown in Figure 4.4), the observed
asymmetry is pronounced and similar to the results seen with stoichiometric solid
state reaction (Figure 4.2). A subtle development of the low-angle tail is followed
through a number of thermal cycles.

Figure 4.4. Diffraction peaks of Er2Ir2O7 prepared with excess of IrO2.
a) (222) and d) (400) reflections of Er2Ir2O7 phase synthesized by solid state
reaction at 1000°C after 2 (blue triangles), 4 (green circles) and 6 (red squares)
reaction cycles. The black lines represents a LaB6 standard peak shape. Panels b)
and e) show the difference curves from the Rietveld refinement between the data
(colours consistent with symbols) and the fitted profile of (222) and (400) peaks.
Panels e) and f) contain the symmetrization of the pyrochlore peaks (left y-axis)
which leads to the low-angle tails (right y-axis).
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The results of solid state synthesis, both through the use of stoichiometric
and non-stoichiometric starting mixtures, suggest that phase pure Er2Ir2O7 can-
not be prepared by this method. Additional IrO2 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 material. However, decompo-
sition of IrO2 cannot be prevented and the Ir product (although very minor)
remains stable up to the temperature at which Er2Ir2O7 itself decomposes. In-
stead of further variations of the conditions for the solid state synthesis, we now
turn to its modification – the flux method, as an alternative approach.

4.1.2 Synthesis of A2Ir2O7 by CsCl flux method

Facing the fact that the solid state reaction of the initial Er2O3 and IrO2 oxides,
in both stoichiometric and non-stoichiometric initial mixtures, does not allow
a preparation of phase pure Er2Ir2O7, a different approach using an inorganic salt
as a flux was chosen [9, 92]. The flux mediates the formation of the pyrochlore
phase and simultaneously protects the initial/reacted oxides from evaporation.
In the previous section it was shown that the solid state reaction of constituting
oxides is most efficient at 1000°C, the flux method allows to partially dissolve
individual reactants, their diffusion through the flux, nucleation, and subsequent
growth of the pyrochlore phase at lower temperature.

To properly map the synthesis, we started again with a stoichiometric mixture
of Er2O3 and IrO2 initial oxides and CsCl flux in a 1:2:50 ratio, respectively.
The mixture was placed into an open platinum crucible. The reaction time was
12 hours and the temperature for individual reaction cycles increased from 700°C
to 1000°C. After each reaction cycle, the CsCl salt was cleared from the sample
by dissolution in water and the powder was collected by centrifuging.

At 700°C, the mixture of initial oxides was converted into a matt black pow-
der containing relatively large (∼mm) shiny pieces (see inset II of Figure 4.5).
The EDX analysis revealed no traces of erbium signal in these large crystals, only
Ir and O were detected. Indeed, single crystal x-ray diffraction confirmed the crys-
tal structure to be tetragonal, with respective lattice parameters corresponding
to IrO2 phase (a = 4.497(5) Å, c = 3.152(2) Å). To unambiguously confirm the
synthesized single crystals are purely IrO2, the sample was divided into two parts
depending on particle size (using a 40 µm sieve), and investigated by powder x-ray
diffraction. The analysis showed a high amount of IrO2 with good crystallinity
in the courser part. The finer portion contained a significantly lower amount
of iridium dioxide and the diffraction patterns were dominated by Er2Ir2O7 and
Er2O3 contributions. A small amount of Ir (from IrO2 decomposition) was also
observed.

The reaction cycle at 800°C did not improve the pyrochlore phase content in
the sample, see Figure 4.6. The ratio between the mole fraction of Er2O3 and
IrO2 remained unchanged with increasing temperature. Further increase of re-
action temperature significantly reduced the amount of initial oxides. However,
besides the single Er2Ir2O7 phase, another cubic phase with slightly larger lattice
parameter was observed (open symbols in Figure 4.6). Although an asymmet-
ric peak shape in solid state reaction suggests a continuous composition variation
(see discussion above for SSR samples 4.1.1), by high-temperature flux a new, dis-
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Figure 4.5. Er2Ir2O7 prepared by CsCl flux. a) the powder x-ray diffrac-
tion pattern of Er2Ir2O7 prepared by CsCl flux method after six reaction cycles
at 800°C, asterisks indicate traces of unreacted Er2O3. The insets I and II com-
prise BSE images of the pyrochlore phase prepared at 800°C and the crystal of
IrO2 grown at 700°C, respectively. Panels b - d) contain zoomed in pyrochlore
diffraction peaks (222), (440) and (622) measured on samples reacted at 800°C,
900°C and 6-times at 800°C, black line represents the Rietveld refinement of
sample reacted at 900°C considering two pyrochlore phases with different lattice
parameter a.
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Figure 4.6. Products of Er2Ir2O7 CsCl flux growth. Development of rel-
ative mole fraction, c, of individual phases reacted in CsCl flux depending on
temperature.

tinct set of reflections indicates a discrete secondary Er-Ir-O phase (or stabilised
x-range in the Er2+xIr2−xO7+y, general formula).

The flux growth at 900°C provided better conditions for the formation of
this secondary phase (see Figure 4.5), which can be described by the pyrochlore
structure model with broader peaks and larger unit cell (a = 10.315(5) Å). The
amount of both the Er2Ir2O7 phases reached 72(2) mol.%, while the secondary
phase content was 30.8(5) mol.%. It further increased to 33.2(5) mol.% when
reacting at 1000°C, while the total amount of Er2Ir2O7 reached 90(3) mol.%
(see Figure 4.6).

Data quality does not allow refinement of site atomic occupation in this sec-
ondary phase; however, a rough estimate of stoichiometry can be obtained us-
ing Vegard’s law-type arguments for the Er2+xIr2−xO7−y series. Using the lat-
tice parameters of Er2Ir2O7 (x = 0, aEr2Ir2O7 = 10.162(2)Å) and Er2O3 (x = 1,
aEr2O3 = 10.559(2)Å) as series end-members, the estimated stoichiometry of the
Er-Ir-O phase (aEr−Ir−O = 10.302(4)Å) can be calculated as

xErIrO =
aErIrO − aEr2Ir2O7

aEr2O3 − aEr2Ir2O7

= 0.35,

corresponding to an approximate formula Er2.71Ir1.29O6.64.
To avoid the formation of the off-stoichiometry secondary pyrochlore phase,

the new sample was reacted at 800°C several times. A number of heating and
regrinding cycles led to an improvement in the pyrochlore phase content with-
out any traces of the secondary phase. Finally, after six cycles, the pyrochlore
phase content reached 94(3) mol.%(see Figure 4.7). The shape of the pyrochlore
peaks was also significantly improved (Figure 4.5b-d), as well as the crystal-
lite size: from the initial 20(3) nm increases to 60(3) nm for the last cycle.
The amount of Er2O3 in the sample was reduced to 6(1) mol.%, and no IrO2

or Ir was detected in the diffraction patterns (Figure 4.7).
With further heating cycles, the pyrochlore phase content began to decrease,

presumably due to the same mechanism seen in the high-temperature solid state
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Figure 4.7. Er2Ir2O7 CsCl flux growth at 800 ◦C. Development of relative
mole fraction, c, of individual phases reacted in CsCl flux depending on a number
of reaction cycles at 800°C.

reaction: a decomposition of the pyrochlore into constituting oxides, with the
more volatile iridium oxides evaporated from the surface of the flux, leading to
an apparent increase in the fraction of Er2O3.

Contrary to the solid state reaction method, with careful control of reaction
conditions, the flux method allows preparation of Er2Ir2O7 sample of good crys-
tallinity. A lower temperature of pyrochlore phase formation in CsCl flux greatly
reduces the evaporation of IrO2 and maintains the stoichiometric conditions dur-
ing crystallization. Also, the flux growth increases the mobility of a reacting par-
ticle which improves the homogeneity of the products demonstrated as narrower
pyrochlore reflections. Furthermore, the quality of the products was confirmed
by EDX analysis, which showed Er:Ir = 1:1 stoichiometry (see Table 4.1).

The chemical behaviour of the other heavy rare-earth A2O3 is supposed to be
similar to that of erbium oxide. Indeed, our trials to synthesize various A2Ir2O7

employing solid-state reaction did not lead to phase pure samples. On the other
hand, the CsCl flux method showed to be successfully used for the preparation of
these pyrochlore iridates. Therefore, following the found recipe, initial A2O3 and
IrO2 were mixed with CsCl in the molar ratio 1:2:50, inserted into the platinum
crucible and flux growth was conducted at 800°C. Repeating the reaction cycles
completed the formation of the pyrochlore phase, a small amount (up to 3%)
of unreacted A2O3 was traced in diffraction patterns (due to the high volatility of
IrO2), see Figure 4.8. We emphasize the synthesis of Tm2Ir2O7, so far unreported
member of the series.

X-ray diffraction patterns were fitted to a model pyrochlore structure. Result-
ing lattice parameters a and free position parameters x (of oxygen, 48f Wyckoff
position, (x, 1/8, 1/8)) for individual A2Ir2O7 are listed in Table 4.1. A develop-
ment of a and x with A atomic radius is followed: The lattice parameter decreases
with increasing atomic number of A, according to expectations (lanthanide con-
traction of atomic/ionic radius). A substitution of A simultaneously influences
interatomic distances, bond-lengths and angles (see section 3). Deformation of
oxygen cages is represented by fraction coordinate x slightly increasing in A2Ir2O7
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Figure 4.8. X-ray diffraction patterns of A2Ir2O7 prepared by CsCl
flux. Asterisks mark peaks of respective unreacted A2O3 oxides. The BSE images
of A2Ir2O7 crystallites of µm size reveal a typical octahedral shape expected for
pyrochlore structure.

with atomic number of A, see Table 4.1; however, x remains significantly lower
than xid (=

3
8
for all investigated analogues. Refined parameters are well in agree-

ment with previously published data on A2Ir2O2: A = Dy [14], Ho [8], Er [9],
Yb [13] and Lu [75]. Tm2Ir2O2 structural parameters fit perfectly into the trend
given by the other A2Ir2O2 compounds.

Electron scanning microscopy of the prepared samples revealed that the py-
rochlore phase consists of µm size single crystals with typical octahedral shape
(see BSE images in insets of Figure 4.8). EDX analysis of several single crystalline
pieces showed the sample composition to be A: Ir = 1:1 within the error of the
EDX measurement, similarly to the case of Er2Ir2O7 (see Table 4.1). Due to the
low sensitivity of the EDX to oxygen, its content could not be determined.

Table 4.1. Structural parameters and stoichiometry of A2Ir2O7. Struc-
tural parameters determined from x-ray diffraction and EDX analysis: crystallo-
graphic parameters a and x of F d 3̄ m space group (n. 227). Composition ratio
A : Ir determined from EDX measurements.

A2Ir2O7 Dy Ho Er Tm Yb Lu

a(Å) 10.192(1) 10.184(1) 10.162(1) 10.135(1) 10.108(2) 10.104(1)

x 0.334(2) 0.335(2) 0.334(2) 0.337(2) 0.336(2) 0.340(3)

A:Ir 50(2):50(2) 50(2):50(2) 50(2):50(2) 50(2):50(2) 51(2):49(2) 51(2):49(2)
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4.1.3 Hydrothermal synthesis

Solid state synthesis and flux growth of A2Ir2O7 was followed by hydrothermal
synthesis technique. Hydrothermal synthesis was introduced in the section 2.1.3,
a mixture of initial oxides - together with an aqueous mineralization agent(s) -
is closed within a hermetically sealed reaction vessel and thermally treated.

As there is currently no hydrothermal protocol known for the successful hy-
drothermal synthesis of these iridate pyrochlores, several of the most common
mineralizing agents were trialled in both low and high concentrations. These in-
cluded alkaline solution sources of OH− (NaOH, KOH), salt sources of F− and
Cl− (CsCl, NaF, KF), as well as acidic sources of Cl−, NO−

3 and H+ (HCl, HNO3).
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 vessels used in both solid state and flux growth processes. Elevated tem-
perature and pressure in the aqueous environment are expected to increase ion
mobility and aid reaction and recrystallization.

A stoichiometric mixture of initial oxides in individual mineralizing agents
was reacted at 220°C for 12 days; also, the influence of mineralization process on
pre-reacted precursor was used (initial oxides were pre-reacted by CsCl flux at
800°C for 24 hours, as described in the previous section). Although our investiga-
tions tested a number of mineralizing agents and a significant amount of time was
dedicated to fully uncover the potential of hydrothermal synthesis in the prepara-
tion of A2Ir2O7, the results (summarized below) do not indicate any direct path
to a single A2Ir2O7 phase preparation using the tested mineralizing agents.

The first attempt of sample preparation was realized using distilled water with-
out any additional mineralizing agents. The resulting product did not show any
trace of the pyrochlore phase, constituting oxides were present, and 16(2) mol.%
of additional Er(OH)3 phase was formed. Subsequently, potassium and sodium
hydroxides, KOH and NaOH, being the traditional basic mineralizing agents,
were attempted. The aqueous solution of the hydroxides with concentrations 1,
4, and 12 M was prepared and introduced into the reaction vessel together with
the partially reacted sample. Investigating the x-ray diffraction patterns of the
reaction products revealed no improvement in the phase content of Er2Ir2O7, but
also 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 pyrochlore phase was detected in any of NaOH concentrations, the
amount of Er(OH)3 was determined to be 42(2), 48(2) and 50(3) mol.% for 1, 4
and 12 M of NaOH.

Based on the successful preparation of pyrochlore iridate using CsCl as a flux,
hydrothermal synthesis was also attempted using inorganic salt solutions as the
mineralizing agent, trialling cesium chloride (CsCl), sodium fluoride (NaF), and
potassium fluoride (KF). Partially reacted initial oxides were sealed in vessels
with aqueous solutions of CsCl in concentrations 0.2, 1.0, and 4.0 M, the py-
rochlore phase increased by 4(2), 4(2), and 7(3)% with respect to the original
phase composition. The reaction with NaF and KF concentrations 1.0 and 4.0 M
had a more promising impact, with 20(2) and 25(4)% increase of pyrochlore phase
content in the case of KF and 6(2) and 8(2)% for the NaF as a mineralizing agent.
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The efficiency of the NaF agent is lower due to the formation of Er(OH)3, which
is present in 6(1), resp. 8(2) mol.% for 1 and 4 M of NaF. However, additional
cycles did not lead to any significant reinforcement of the pyrochlore phase con-
tent. Finally, we attempted the reaction employing inorganic acids HNO3 and
HCl as mineralizing agents in aqueous solutions: 1, 2 and 4 M with pre-reacted
precursor. A slight improvement of 8(1), 10(2) and 10(2)% of the pyrochlore
content with respect to precursor phase composition was observed in the case of
1, 2, and 4 M of HNO3, and a smaller impact of HCl reaction with 4(1), 6(2)
and 7(2)% pyrochlore phase increase for 1, 2 and 4 M of HCl. However, despite
a slight increase of pyrochlore phase and partial dissolution of Er2O3 oxide, the
IrO2 oxide remained in the sample with the smallest concentration of 20 mol% in
the case of 4 M of HNO3.

While the initial positive results achieved when using fluoride salts as min-
eralizing agents for hydrothermal synthesis suggest promise for the method, ad-
ditional modifications or repeated reaction cycles did not provide a route to a
suitably pure sample. However, the reaction of 4 M HNO3 led to the most sig-
nificant reduction of the Er2O3 parasitic phase; further modification of an acidic
mineralizer hydrothermal synthesis may provide a route for the reduction of the
high-melting stable erbium oxide which can complement the high-temperature
flux growth technique. More extensive reagent and condition testing are neces-
sary for an optimised route to pyrochlore iridates hydrothermal synthesis.

After a variety of preparation experiments with varying degrees of success, the
CsCl flux growth method was found to be the most suitable preparation method.
Further experiments presented in this work were performed on polycrystals pre-
pared by this route.

4.2 Magnetization and specific heat of A2Ir2O7

Systematic investigation of a heavy rare-earth part of the A2Ir2O7 series with
A = Dy, Er, Tm, Yb, and Lu was performed by means of standard magnetization
and specific heat measurements in the temperature range of 0.35 - 300 K. Mea-
surement techniques and equipment are described in sections 2.4 and 2.5. A2Ir2O7

polycrystals, prepared as described above (section 4.1.2), were cold-pressed and
measurements were performed on ∼ 10 mg and ∼ 1 mg pellets employing He4 and
He3 options, respectively. Data presented in this section were recently published
in [84, 93, 94, 95].

4.2.1 Lu2Ir2O7

Magnetic properties of A2Ir2O7 are determined by the magnetism of Ir and A ions
and their possible coupling. To study the development of physical properties
within the A2Ir2O7 series, it is highly advantageous to study Lu analogue first.
Lu3+ ion does not bear a magnetic moment, and therefore the magnetic properties
of Lu2Ir2O7 are dictated by Ir4+ only. Lu2Ir2O7 data can be subsequently used
as a ’non-magnetic’ counterpart to other A2Ir2O7 data. Although the properties
emerging from the coupling between A3+ and Ir4+ sublattices cannot be screened,
the subtracted data give a solid view on magnetic properties of A - sublattice in
other members of the series.
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Temperature evolution of magnetization under external magnetic fields of 0.01,
0.05, and 1 T is shown in Figure 4.9. A linear evolution from 300 - 200 K is
followed by the bifurcation between zero-field cooled (open symbols) and field
cooled (filled symbols) curves at 140 K. A kink in the ZFC data below 140 K
(inset of Figure 4.9) together with a change in the slope of the FC curve below
the ZFC/FC splitting evidence the iridium sublattice ordering well in agreement
with Ref. [72]. A broader maximum in ZFC curves shifts towards lower tempera-
tures with increasing external field, which further supports the antiferromagnetic
nature of iridium ordering. The ZFC magnetization between 120 K and 20 K
evolves almost linearly contrary to a steep increase of FC magnetization response
in the same temperature interval. Below 10 K, both ZFC and FC curves show a
strong enhancement of magnetization.

Inverse magnetic susceptibility H/M under an external field of 1 T with the
fit to Curie-Weiss law in the temperature interval 200 K - 300 K (black line) is
presented in Figure 4.9b). A fit to the Curie-Weiss law leads to a determination
of the effective magnetic moment of µeff = 0.88(4) µB and the paramagnetic
Weiss temperature Θp = -217(3) K. The large negative value of Θp strongly
supports the antiferromagnetic correlations in the material. Effective moment
value is considerably reduced from the expected value of free Ir4+ ion (1.73 µB)
with an effective moment Jeff = 1/2 and will be discussed below. Isothermal
magnetization measurement above and below the magnetic transition showed only
a particular increase of magnetic moment in 7 T (see the inset of Figure 4.9b) far
below the saturated value of Jeff = 1/2 state.

Magnetic transition of the iridium sublattice is demonstrated
as a broad anomaly in specific heat Cp/T vs. T in Figure 4.10 with an onset at
140 K concomitant with the bifurcation between zero-field and field cooled curves
(see Figure 4.9). The position or shape of the anomaly is not affected by an appli-
cation of the external magnetic field up to 4 T. We note that the previous studies
of Lu2Ir2O7 [72][75] did not report any kind of specific heat anomalies, which can
be explained by the different sample preparation methods. The analysis of the
specific heat anomaly by means of the magnetic entropy is presented in the right
inset of Figure 4.10. To estimate the magnetic contribution, the data below and
above the anomaly were fitted with a polynomial (pink curve) and the subtracted
data was integrated. The entropy value S = 0.57 J.K−1mol−1 is comparable to
the estimated entropy for Nd2Ir2O7 (0.47 J.K−1mol−1) and is lower than entropy
of Sm2Ir2O7 (2.00 J.K−1mol−1) and Eu2Ir2O7 (1.40 J.K−1mol−1) [8]. The calcu-
lated entropy is much smaller than the value expected for Jeff = 1/2, R ln(2),
where R stands for an universal gas constant. The Lu2Ir2O7 entropy change can
be considered to originate purely from electronic contribution to specific heat, the
estimation of the parameter γIr =

S
TIr

(TIr ∼ 140 K) leads to ∼ 4.1 mJ.K−2mol−1

and points to a semimetallic behaviour of Lu2Ir2O7.
Semimetallic character of Lu2Ir2O7 was further evidenced by the analysis

of the low-temperature specific heat. Considering the relations introduced in
section 2.4 and the absence of magnetic contribution (although Ir contribution is
present), the specific heat can be described within the Debye formula

Cp = Cel + Clatt = γT + βT 3 (4.1)

as a sum of electronic and lattice contributions. The linear fit of Cp/T vs T 2 on the
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Figure 4.9. Temperature dependence of magnetization of Lu2Ir2O7.
Zero-field cooled (open symbols) and field-cooled (full symbols) magnetization
in 0.01 and 0.05 T is presented in panel a). Inset contains details of ZFC mag-
netization around 140 K. Inverse magnetic susceptibility under an external field
of 1 T is shown in panel b). The full black line represents the Curie-Weiss fit to
the temperature range 200 - 300 K; the dashed line stands for an extrapolation
of the Curie-Weiss fit down to low temperature. An inset of panel b) contains
an isothermal magnetization below (100 K) and above (180 K) the temperature
of iridium ordering.
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left inset in Figure 4.10 leads to the Sommerfeld coefficient
γ = 10.2(1) mJ.K−2mol−1 well in agreement with previously published values
[75, 72] and is in agreement with a semimetallic nature of Lu2Ir2O7 ground state.
Debye temperature (θD = 350(4) K) calculated from β = 0.50(2) mJ.K−4mol−1

via expression θ3D = 12π4RN/5β, where N = 11 atoms per unit cell, agrees well
with previous results on Lu2Ir2O7 as well as other A2Ir2O7 pyrochlores [8, 72, 96].

Figure 4.10. Specific heat of Lu2Ir2O7. The left inset shows a low-
temperature evolution of specific heat as Cp/T vs. T 2 with a linear fit (red line)
of γ and β parameters. The high-T anomaly around 140 K together with the
corresponding entropy (dot-dashed line, right y-axis) is zoomed in the right in-
set. The pink curve represents the polynomial fit to data above and below the
anomaly.

To interpret the thermodynamic measurements of Lu2Ir2O7 its electronic
structure was calculated using the first-principle density functional theory. Both
Lu and Ir ions have a trigonal local symmetry; therefore, it is necessary to use
the full potential first-principle methods for accurate electronic properties calcu-
lation. The full potential local orbital (FPLO) [97] and full potential augmented
plane waves plus local orbital (FPAPW-LO) [98] - WEIN2k code - were em-
ployed to solve Kohn-Sham equations. The exchange correlation potential was
calculated within the generalized gradient approximation, GGA [99, 100, 101].
The results of structure calculations predict the equilibrium lattice constant
less than 0.2% smaller than the experimental value and the minimized oxygen
48f position 0.3389 close to the experimental one (see the section 4.1.2 above).
The semimetallic ground state of Lu2Ir2O7 also follows from the DFT calcula-
tions revealing γDFT = 7.3 mJK−2mol−1 and a small enhancement coefficient
e = γ/γDFT − 1.0 = 0.4, i.e. rather weak electron-phonon interaction. The DOS
at the Fermi level and related γDFT was obtained from relativistic Dirac-Kohn-
Sham electronic structure calculations (FPLO code).

Reduction of Ir4+ effective magnetic moment µeff can originate from the frus-
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tration of the iridium sublattice or from the itinerant character of 5d iridium
electrons. A significant amount of iridium-based compounds reveals a µeff close
to the value expected for Jeff = 1/2 state; however, there are a number of iridium
oxides with reduced effective moments, e.g., BaIrO3 with µeff = 0.276 µB [102],
weak ferromagnet Sr2IrO4 with µeff = 0.5 µB [103], Sr3Ir2O7 with µeff = 0.69 µB

having simultaneously very low saturated magnetic moment of 0.04 µB [104], in-
sulating antiferromagnet SrLa10Ir4O24 with µeff = 1.11 µB [105]. Furthermore,
the DFT calculations predict a lower moment on Lu2Ir2O7. The spin-polarized
scalar relativistic DFT calculations converged to zero spin iridium magnetic mo-
ment and to value of 0.308 µB with LSDA [99] and GGA [100], respectively
(FPLO code). The GGA [101] spin magnetic moment inside Ir sphere is 0.253 µB,
whereas LSDA [99] provides a zero spin magnetic moment (APW+lo code). More
details of the Lu2Ir2O7 electron structure calculations can be found in our publi-
cation [93].

4.2.2 A2Ir2O7 with A = Dy, Er, Tm and Yb

Inspecting the high-temperature behaviour of A2Ir2O7, both the magnetization
and specific heat data reflect the anomaly caused by the ordering of the irid-
ium sublattice. The splitting between ZFC and FC magnetization curves was
found in the case of all analogues at temperature TIr, which increases from 128 K
(Dy2Ir2O7) to 143 K (Yb2Ir2O7), see Figure 4.11 a - d. The results are well in
agreement with the previously published data for A = Dy [14], Er [9], and Yb [13].
Within the frame of the present work, thulium analogue was synthesised for the
first time and the experimental results are published in our paper [84].

ZFC magnetization curves of most iridates reveal a weak anomaly just below
the ZFC/FC bifurcation, most notably in the case of A = Er and Yb and still
visible in the case of A = Dy. A similar kink was also observed in the case
of lighter rare-earth iridates [3, 8, 10]). Unlike the other compounds, however,
the ZFC magnetization of Tm2Ir2O7 evolves smoothly in the whole temperature
interval. The FC curves of A = Dy and Er show a steep increase with the
decreasing temperature, contrary to the case of A = Tm and Yb where the
increase of magnetization is preceded by a bump below the ZFC/FC splitting.
The differences could be explained by an interplay between Ir and A sublattices.

Magnetization measurements serve to finalize the phase diagram from [8]. In-
specting the phase diagram, TIr evolves only slightly with the atomic number of
A. The development of TIr for A = Sm - Lu suggests a weak coupling between A
and Ir sublattices at temperatures above and around TIr. On the other hand, the
mutual A and Ir interactions are manifested in more complicated case of Tb2Ir2O7

where a recent neutron study showed a concomitant ordering of Tb and Ir mo-
ments in AIAO structure at TIr induced by strong Tb - Ir coupling [16]. The
second component of Tb moment orders below 10 K, which concludes that rather
than iridium sublattice is affected by the rare-earth magnetism, the opposite sce-
nario is more probable, at least at high temperatures. A dominant role of iridium
magnetism is also confirmed in the case of Ho2Ir2O7 and Dy2Ir2O7 compounds,
where the AIAO ordering of Ir moments induces the partial ordering of Ho/Dy
moments [15, 14]. A weak dependence of TIr on rare-earth magnetism is clearly
demonstrated by the temperature of iridium ordering of non-magnetic A = Lu
and Eu analogues, where TIr fits into the trend of other rare-earth A2Ir2O7.
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Figure 4.11. Magnetization and specific heat of A2Ir2O7. ZFC (open
symbols) and FC (full symbols) magnetization is presented for selected magnetic
fields (a, c, e, g). Specific heat of A2Ir2O7 (red circle) and Lu2Ir2O7 (blue triangle)
is shown in panel b, d, f h. 3nR/T limit is depicted in the panels. The insets
contain zoomed in specific heat anomaly below TIr, fit of the data neglecting this
anomaly (green line), and entropy connected with the anomaly (dot-dashed line).

50



Figure 4.12. Temperature of Ir ordering in A2Ir2O7 dependent on
ionic radius of A3+. Phase diagram from [8] (red squares) was completed by
adding so far unreported Tm2Ir2O7 and other compounds from present work (red
circles). Empty circles represent the TIr values for respective compounds reported
in [9, 13, 14].

A2Ir2O7 magnetic susceptibility measured under increasing fields reveals a
closing of the ZFC/FC bifurcation eventually results in identical magnetization
for both cooling regimes with a linear dependence on temperature well below
TIr, see Figure 4.13 a - d. The temperature dependence of the low temperature
susceptibility M/H(T) reveals a difference at TA (values listed in the Table 4.2)
depending on the applied magnetic field in all magnetic A2Ir2O7 compounds,
see insets in Figure 4.13 a - d. A strongly diverging magnetization in low magnetic
fields and low temperatures increases less steeply with increasing magnetic field,
and in 7 T, the magnetization is almost saturated. Hence, the magnetic behaviour
of A2Ir2O7 below TIr, and more apparently below TA, is predominantly determined
by the magnetism among A3+ ions and crystal field acting on them.

The high temperature part of A2Ir2O7 inverse susceptibility (T > 200 K) was
fitted to Curie-Weiss formula (section 2.5 which led to the effective magnetic
moment, µeff , and paramagnetic Curie temperature, Θp, listed in the Table 4.2.
The effective magnetic moments of A2Ir2O7 with A = Er and Tm were found to
be close to the value expected for the free rare-earth ions, which agrees well also
with the small contribution of iridium sublattice determined from the Lu2Ir2O7

measurement. The case of A = Dy and Yb, however, revealed a significantly
reduced value of µeff which was ascribed to the fragmented magnetic state of Dy
ions [14] and the competing magnetic phases of Yb ions influenced by the stag-
gered molecular field of the iridium sublattice [13]. The Curie temperature was
found negative for all A2Ir2O7 pointing to the prevailing antiferromagnetic inter-
actions between magnetic ions.
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A subtraction of the Lu2Ir2O7 data from the magnetic rare-earth A2Ir2O7

magnetic susceptibility enabled a partial separation of the iridium sublattice
contribution. The difference data were also fitted to the Curie-Weiss formula,
which led to the reduced effective moments µA−Lu

eff as well as to reduced absolute

values of the negative Curie temperature, ΘA−Lu
p (values listed in the Table 4.2).

However, to interpret the fitted parameters carefully, it is worth taking into ac-
count the behaviour of the iridium sublattice in the lutetium analogue. Lu2Ir2O7

has the largest negative value of Curie temperature from all studied compounds,
the Lu2Ir2O7 magnetization data describe just the iridium sublattice contribu-
tion, the A - Ir interaction remains unaffected by the subtraction of lutetium
analogue and can contribute to ΘA−Lu

p values.

Figure 4.13. Inverse magnetic susceptibility of A2Ir2O7. A2Ir2O7 mag-
netization data (red squares) and the difference (A2 − Lu2)Ir2O7 data (black
diamonds) are presented. The averaged inverse susceptibility calculated from
CF parameters (green line) is compared to magnetization data. In the case
of Tm2Ir2O7, also the calculations based on the rescaled CF parameters of er-
bium analogue are shown (dashed pink line). The insets contain low-temperature
M/H(T ) data in selected magnetic fields for respective iridates.
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Figure 4.14. Isothermal magnetization of A2Ir2O7. The curves of re-
spective colours calculated from CF parameters are compared to experimental
data. In the case of Tm2Ir2O7, the CF-based mean field calculation of 180 K is
represented by a black dashed line. CF calculations including the molecular field
constant are shown for 180 and 100 K data (full lines).

Field dependence of A2Ir2O7 isothermal magnetization is displayed in Fig-
ure 4.14. For all compounds, the magnetization increases with an applied field,
attaining the value µ7T in 7 T at the lowest temperature, while still not satu-
rated (Table 4.2). Isothermal magnetization of Dy2Ir2O7 reaches the µ7T equal
to 4.8(1) µB, which is about half of the value of Dy3+ free ion. Increase of mag-
netization in higher fields is expected; however, considering the field develop-
ment, estimation of the saturated value to 5µB is still well below the free ion
moment. On the other hand, the µB of Er2Ir2O7 at 0.4 K exceeds the value
expected for the Er3+ free ion, which is, however, attributed to the present mag-
netic moment of Ir4+ (which can reach 1.74 µB for S = 1/2). Magnetization will
likely saturate at a value higher than 10 µB. Tm2Ir2O7 reveals magnetization
in 7 T close to the expected value, and following the trend, it will saturate at
the value well above 8 µB. A different isothermal magnetization development is
observed in the case of the ytterbium analogue. Magnetization in 7 T reaches
a significantly lower value than that of a free ion and tends to saturate at this
value. A reduction of Yb2Ir2O7 magnetic moment can be discussed within the
frame of the effective S = 1/2 description of Yb moments. Competition between
ferromagnetic and antiferromagnetic states was proposed to cause strong spin
fluctuations at low temperatures, which, together with the molecular field of the
iridium sublattice, is responsible for the magnetic moment reduction, experimen-
tally determined to 0.57 µB [13].
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Ordering of iridium sublattice is also demonstrated in the specific heat of all
investigated A2Ir2O2 compounds as a high-temperature anomaly. The onset
of the anomaly corresponds to the temperature of a bifurcation between ZFC
and FC magnetization curves, TIr (Figure 4.11e - h). Such an anomaly was
previously reported only for the light A iridate pyrochlores [8]; however, we ob-
served it also in Lu analogue (Figure 4.10, section 4.2.1). The shape of the
anomalies is rather broad, which indicates at least partially continuous character
of the magnetic transition. In addition, the analysis of the iridium transition
anomaly is influenced by the significant phonon contribution. The comparison
of the rare-earth magnetism influence on iridium magnetic anomaly does not re-
veal significant changes between magnetic and non-magnetic A iridate pyrochlores
(see data in [8, 7]).

To properly characterize the anomaly at TIr, the connected entropy was cal-
culated. The specific heat data were fitted by a third-order polynomial function
(green line in Figure 4.11) to describe the specific heat at high temperatures
excluding the anomaly. Subsequently, the measured and fitted data were sub-
tracted, and the entropy was obtained by integration of the difference data. We
are aware of a large experimental error of SIr; the calculated value is consid-
ered as a lower limit of the iridium transition entropy. The values of SIr for
all investigated analogues are listed in Table 4.2. The calculated entropies for
individual A2Ir2O7 are comparable and also well comparable to the light rare-
earth analogues (0.47, 2.00, and 1.40 J mol−1K−1 for A = Nd, Sm, and Eu,
respectively [8]). No clear evolution of SIr with A is followed, documenting a
small/negligible influence of rare-earth magnetism on the Ir sublattice in the
high-temperature region for heavy rare-earth A2Ir2O7, that is, at least above TIr,
which is also almost insensitive to the A sublattice (Figure 4.12). The entropy
values are significantly smaller than the magnetic entropy expected for the Ir4+

with S = 1/2 (R ln(2) = 5.7 J mol−1K−1), which can be simply ascribed to
frustration of magnetic moments or the itineracy of 5d electrons [8].

Supposing that the entropy is of purely electronic origin, the electronic specific
heat coefficient γIr can be estimated as for the case of Lu2Ir2O7 in section 4.2.1.
The γIr values are listed in Table 4.2, the behaviour is far from the metallic
Nd2Ir2O7 (14 mJ mol−1K−2[6]) meaning the investigated A2Ir2O7 are nonmetallic,
as previously confirmed by the electrical resistivity measurements [106]. Lu2Ir2O7

with the highest value of γIr among the heavy rare-earth pyrochlore iridates could
be considered as semimetallic, which was supported also by the DFT calculations
and low-temperature specific heat analysis, see section 4.2.1, [93].

Magnetic properties of A2Ir2O7 were investigated by subtracting
a Lu2Ir2O7 analogue, which served as an estimation of electron, lattice and iridium
contributions. Such an approximation is mostly valid above TIr as there is no sig-
nificant interaction between A and Ir magnetic moments. Lowering the tempera-
ture, the contributions of the A magnetism and interaction between the two mag-
netic sublattices, A and Ir, begin to play an important role and possibly influence
electronic and lattice-specific heat. Additionally, the phonon contribution is in-
fluenced by the rare-earth mass and interatomic distances. Fully conscious of the
uncertainties, we calculated Cmag for investigated compounds, see Figures 4.22
and 4.15. Before to the subtraction of Lu2Ir2O7, the A2Ir2O7 specific heat data
associated with the Ir ordering anomaly was approximated by the polynomial
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function (blue lines in Figure 4.11). Utilizing the Cmag, the corresponding mag-
netic entropy Smag was determined according to the relation 2.9.

Several anomalies are followed in magnetic specific heat data: Higher
temperature anomalies in A2Ir2O7 are attributed to the Schottky contribution
CSchott and are analysed within the frame of the CF model in the next section.
In the low-temperature part of specific heat, the anomalies at TLT in A2Ir2O7

with Kramers’ doublet A = Dy, Er, and Yb are connected with the A sublattice
ordering (see Figure 4.15 a - d). A comparison of the Lu2Ir2O7 specific heat to
other iridates (blue triangles in Figure 4.15) highlights that the anomaly contains
only very weak electronic, lattice, and iridium sublattice specific heat contribu-
tions. CF origin of the anomalies is excluded based on the CF models presented
in section 4.3 with parameters listed in Table 4.3. Evolution of low temperature
anomalies with application of the field as well as the analysis of connected Smag

(Figure 4.15) further corroborate that the nature of TLT anomalies is determined
by the rare-earth magnetism. Individual aspects of the A2Ir2O7 low-temperature
anomalies will be discussed in the following paragraphs.

Er2Ir2O7 is dominated by the TLT = 2 K anomaly of magnetic origin. The mag-
netic entropy, the right axis of Figure 4.15, reaches the value of R ln(2)
at the anomaly-onset temperature, which corresponds to the Zeeman splitting
of the ground-state doublet. The broadness of the anomaly is not consistent with
a standard magnetic phase transition from paramagnetic to ordered state. In-
stead, it suggests an accretion of magnetic correlations. Such an assumption is
corroborated by neutron diffraction experiments. No magnetic reflections related
to long-range order and freezing of Er magnetic moments at low temperature
were reported for Er2Ir2O7 [9]. The anomaly becomes broader and shifts to
higher temperature in the applied magnetic field (Figure 4.15 f). Such a field
evolution of specific heat would be consistent with long-range ferromagnetic or-
dering; the magnetic correlations among magnetic moments become stronger in
an applied field. However, considering the shape of the anomaly and the nega-
tive Curie-Weiss temperature Θp, the antiferromagnetic short-range correlations
(a spin glass-like state) should be considered instead. To estimate the effect of
exchange interactions on the ground-state doublet, a simple model (see [94] for
details) was used. The splitting of the erbium doublet and connected specific
heat were calculated considering the magnetic field of the order of tesla (ranging
from 0.5 to 2.0 T). The best agreement with the measured data was obtained
considering the internal field of 0.9 T (black line in Figure 4.15 b). The low-
temperature part of the anomaly was well described, while the specific heat at
higher temperatures showed larger values than our crude model. Although the
agreement is reasonable, the magnetic exchange interactions at low temperatures
should be considered more complex; further, the magnetic interactions between
Er and Ir sublattices cannot be ruled out.

Yb2Ir2O7 reveals an anomaly with onset at 5 K. Compared to the erbium
case; the anomaly is broader suggesting a rather continuous development of mag-
netic correlations. Entropy connected with the anomaly does not reach a value
expected for the ground state doublet up to 10 K. It is consistent with a re-
cent study [13] which showed the emergence of ferromagnetic peaks at sub-kelvin
temperatures, together with a weak AIAO component of Yb magnetic moments.
Comparing the erbium and ytterbium analogues, a different evolution of the

55



Table 4.2. Magnetic properties of A2Ir2O7. Total angular momentum JA

and predicted moments, µA
s ( = gJJ

A) and µA
eff ( = gJ

√︁
JA(JA + 1)) of A3+ ions

(gJ is the Landé factor). The temperature of Ir sublattice ordering, TIr and tem-
perature at which the magnetic effects on A3+ ions set in, TA. Effective magnetic
moment µeff and paramagnetic Curie temperature Θp obtained by fitting the
magnetization to the Curie-Weiss formula; also, difference magnetization data A
- Lu were fit. Lowest-temperature magnetic moment in 7 T, µ7T . Entropy and
electronic coefficient related to the Ir high-temperature specific heat anomaly,
SIr and γIr, respectively. TLT stands for the temperature of the low-temperature
magnetic anomaly in specific heat.

Dy2Ir2O7 Er2Ir2O7 Tm2Ir2O7 Yb2Ir2O7 Lu2Ir2O7

JA 7.5 7.5 6 3.5 0

µA
s (µB) 10 9 7 4 0

µA
eff (µB) 10.65 9.58 7.56 4.54 0

TIr (K) 128(2) 140(2) 142(2) 143(2) 147(2)

TA (K) 25(2) 30(2) 40(3) 30(3)

µeff (µB) 10.2(1) 9.12(4) 7.13(3) 4.05(3) 0.88(4)

Θp (K) −13.1(2) −26(2) −48(2) −106(3) −217(3)

µA−Lu
eff (µB) 8.9(1) 8.94(4) 6.89(4) 3.88(4)

ΘA−Lu
p ((K) −11.3(2) −17(1) −35(1) −91(1)

µ7T (µB) 4.8(1) 9.4(1) 6.0(1) 2.1(1) 0.05(1)

SIr (Jmol−1K−1) 1.26(3) 0.38(3) 0.51(3) 0.54(4) 0.57(3)

γIr (mJmol−1K−2) 9.2(2) 2.7(2) 3.7(2) 3.8(2) 4.1(2)

TLT (K) 1.5(2) 2.0(2) 2.7(2)
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Figure 4.15. Low temperature specific heat of A2Ir2O7. Panels
(a - d) contain specific heat of A and Lu analogues and their difference. Schottky
contribution to specific heat calculated from the CF energy scheme is shown as
well (blue lines). On the right axis, the entropy calculated from (A2 − Lu2)Ir2O7

data is presented (pink line). Panels (e - h) show temperature evolution of specific
heat in selected applied magnetic fields.

higher-temperature parts of the anomalies is followed, that is, an increase for
Er and decrease or constant value with increasing temperature for the Yb ana-
logue, well in agreement with the CF scheme (Table 4.3).

Dy2Ir2O7 measurement reveals the anomaly centred at 1.5 K. Dysprosium mo-
ments are supposed to enter into a magnetically fragmented phase [14] which is
accompanied by an anomaly resembling one of the spin-ice materials [27]. How-
ever, the peak in Dy2Ir2O7 specific heat is significantly broader in comparison
with the classical spin-ice compounds, which is caused by the distribution of the
local magnetic fields acting on Dy ions. The reduced value of the magnetic en-
tropy is well consistent with the scenario of the magnetically fragmented state
and also with the isothermal magnetization measurement (see Figure 4.14 a) with
magnetic moments divided into AIAO ordered phase and correlated Coulomb
phase. An application of the external field leads to the ground state splitting and
shifts the anomaly towards higher temperatures, similar to erbium and ytterbium
analogues.

A completely different evolution of low-temperature specific heat is followed
in Tm2Ir2O7. Below 10 K, its specific heat differs from the Lu2Ir2O7 analogue
subtly, just by a CF contribution, as presented in Figure 4.15 c). No anomaly
at low temperature is expected, contrary to other analogues, because of the non-
magnetic ground-state singlet state. The applied magnetic field acts on the first
CF excited doublet and splits it, leading to a change in specific heat in the low-
temperature region. A similar effect is observed for the Er analogue, contrary to
Yb2Ir2O7 with the first excited CF state at significantly higher energy (Table 4.3).

For a deeper insight into the magnetization and specific heat properties of
A2Ir2O7 as well as into the role of iridium sublattice magnetism, the knowledge
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of single-ion magnetism of rare-earth ions is highly desirable. To reveal a CF
excitation spectra of selected A2Ir2O7, the inelastic neutron scattering experiment
was performed on the A = Er and Tm. The results are analysed in following
section 4.3 together with the mean-field analysis of magnetization and specific
heat data.

4.3 Inelastic neutron scattering on Er2Ir2O7 and

Tm2Ir2O7

Complex behaviour of A2Ir2O7 results from the magnetism of iridium and
rare-earth ions as well as their entanglement. Although the A2Ir2O7 pyrochlores
stand in the foreground of scientific interest over, at least, two decades, only a
handful of reports on single-ion properties, namely, crystal field excitation (CF),
has been presented (the case of A = Dy [14], Ho [15] and Yb [13]). The knowl-
edge of the CF is, however, essential to correctly understand the physical prop-
erties of the compound as well as its ground state. In this chapter, the CF
schemes of rare-earth ions in Er2Ir2O7 and Tm2Ir2O7 are determined using an
inelastic neutron scattering technique [94]. The CF eigenenergies and param-
eters were used to describe the specific heat and DC magnetization data. An
excellent agreement between the experiment and CF calculations was obtained,
proving a crucial role of erbium/thulium single-ion magnetism in A2Ir2O7 proper-
ties. The inelastic neutron scattering experiment was performed on the time-of-
flight spectrometer MARI at the Rutherford Appleton Laboratory (ISIS), Didcot
as described in section 2.6.

4.3.1 Crystal field scheme of Er2Ir2O7

Ground-state multiplet of Kramers’ Er3+ ion (J = 15/2) is splitted in the crys-
tal field into doublets and quadruplets, depending on point-group symmetry
of the atomic position it occupies. As the Wyckoff position of erbium in the
F d 3̄ m space group is 16c, the point symmetry is trigonal (D3d , −3m). There-
fore, the energy spectrum of erbium pyrochlore contains eight CF doublets with
one doublet being the ground state. The inelastic neutron scattering experiment
disclosed CF excitation scheme of Er2Ir2O7 and its development with momentum
transfer (Q = (|Q|)) and temperature.

Dependence of the energy transfer ∆E on the momentum transfer Q is plotted
in Figure 4.16 where several energy regions with magnetic signal are identified.
The signal corresponding to three transitions between the ground state and the
respective excited states is found at around 5.5, 9, and 20 meV. Much broader
magnetic signal is seen between 60 and 75 meV. Finally, a weak magnetic signal
is traced at 90 meV. No magnetic excitation is observed at higher energy up to
150 meV. The magnetic origin of the observed signal is unambiguously proven
by its Q dependence: The signal becomes weaker with increasing Q following the
Q dependence of the magnetic form factor (see chapter 2.6). An example of Q
development of the intensity of the first three excitations is shown in Figure 4.17.
The inset of Figure 4.17 presents a comparison between Q dependence of the
magnetic form factor F 2(Q) and the measured intensity of the first CF excitation.
The same Q dependence was followed for all excitations.
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Figure 4.16. Magnetic and lattice excitations in Er2Ir2O7. E-Q maps
measured with incident energies a) 10 meV, b) 30 meV, and c) 180 meV at 5 K
are presented. The arrows mark the magnetic (CF) excitations.

Temperature evolution of its intensity further documents the magnetic origin
of the observed excitations. Measured data were analysed constructing so-called
Q cuts by integration of the signal in the low-Q region (Figure 4.18). The in-
tensity of magnetic (CF) excitation decreases with increasing temperature due
to the substantial thermal population of individual energy levels. Furthermore,
thermally populated energy levels allow the neutron to gain energy, leading to
both excitations/de-excitations in the neutron-energy-gain (system-energy-loss)
part of the spectrum and excitations between excited states. Such excitations
are clearly observed in the spectra measured at 60, 100, and 200 K Figure 4.18).
Let us illustrate the influence of the thermal population of energy levels in the
low-energy part of the spectrum (focusing on the excitation at 5.5 meV in Fig-
ure 4.18 a): The excited state is mostly unpopulated at 5 K - the temperature
(i.e., thermal energy; E = kBT is too small to noticeably populate the energy
states. Therefore, the measured spectrum contains a signal only in the neutron-
energy-loss part. By increasing the temperature up to 60 K, the energy levels
become partially thermally occupied. The excitation in the neutron-energy-gain
part of the spectrum is observed in -5.5 meV. A further signal is pronounced
at 3.5 meV corresponding to the excitation from the 5.5 - meV state to the
9 - meV state. The respective excitation occurs (at -3.5 meV) in the neutron-
energy-gain part of the spectrum. An additional increase of temperature leads
to a further thermal population of energy states, i.e., to a decrease of intensity
of the ’base-temperature’ excitation at 5.5 meV and an increase of the intensity
of ’temperature-induced’ excitations (-5.5, -3.5, and 3.5 meV). A high enough
temperature causes all states to be (partly) thermally populated and all types of
(de-)excitations to be manifested.

The CF excitations in Er2Ir2O7 are well described within a standard crystal
field model. Er3+ ions (J = 15/2) on 16c Wyckoff position with a trigonal point
symmetry (D3d , −3m). Therefore, the crystal field Hamiltonian introduced in
chapter 2.6 can be written as follows:

ˆ︁HCF = B2
0
ˆ︁O2
0 +B4

0
ˆ︁O4
0 +B4

3
ˆ︁O4
3 +B6

0
ˆ︁O6
0 +B6

3
ˆ︁O6
3 +B6

6
ˆ︁O6
6. (4.2)

Bn
m are the crystal field parameters and ˆ︁On

m stand for Steven’s operators repre-
senting the erbium 4 f shell. As the Wyckoff position of rare-earth ions in the
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Figure 4.17. Low-energy CF excitations in Er2Ir2O7. Q cuts of the map
measured with Ei = 30 meV, representing the development of excitation inten-
sity with increasing Q. The inset compares the Q dependence of the integrated
intensity of the first excitation and magnetic form factor of Er3+ (tabulated value
taken from [107]).

F d 3̄ m space group is 16c, the point symmetry is not cubic (leading to some
levels being four times degenerated), but trigonal (D3d, −3m). Therefore, the
energy spectrum of Er2Ir2O7 contains eight CF doublets, respectively, with one
of the doublet representing the ground state.

Seven transitions from the ground state are expected in the base-temperature
energy spectrum of Er2Ir2O7. To identify all seven expected CF transitions
in the energy spectra is not necessarily straightforward, which is also the case
for Er2Ir2O7, where a previous investigation identified only four of the seven
excitations required to fully fit and characterize the crystal field scheme [108].
Although the number of excitations was low, the CF parameters for Er2Ir2O7

were determined in the previous study. However, to unambiguously identify the
CF scheme and parameters, all seven excitations have to be accounted for. Three
low-energy excitations are clearly observed; the shape of the peaks in Figure
4.18 excludes that they could individually consist of more than one contribution.
The region between 60 and 75 meV contains at least two magnetic peaks, one at
65 meV and a second at 69 meV. The peak at 90 meV is relatively broad and
of weak intensity. Therefore, one cannot be conclusive that it corresponds to a
single excitation. Counting the peaks, one excitation is still missing to reveal
a complete expected spectrum for Er2Ir2O7. The missing signal was eventually
found within the 65 - meV peak, which consists of two contributions. The two
peaks close to each other (64.84 and 65.57 meV) cannot be unambiguously distin-
guished in our data (Figure 4.18 c), including the data measured with 120 meV
of incident energy, not shown) due to resolution limitations. However, all the
fitting of the region between 60 and 75 meV by three peaks (peak positions were
restricted to lie within the interval and to have similar intensities), previous re-
sults on other Er-based pyrochlores [109], and our fit of the data to the CF model
(consistent with magnetic susceptibility data) confirm such a scenario. The exci-
tation energies obtained by fitting the individual peaks by a Lorentzian function
are listed in Table 4.3 and are graphically represented by arrows in Figure 4.16.
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Figure 4.18. Temperature development of CF excitations in Er2Ir2O7.
Q cuts of E-Q maps measured at various listed temperatures, demonstrating a
thermal population of the energy states with increasing temperature.
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Figure 4.19. CF Hamiltonian fits to magnetic excitations of Er2Ir2O7.
Q cuts of E - Q maps measured at 5 K (top panels) and 100 K (bottom panels).
The solid lines represent the fit to the CF Hamiltonian (equation 4.2) resulting
in CF excitation energies and parameters listed in Table 4.3.

The measured data were fitted to the model CF Hamiltonian (Equation 4.2)
utilizing the previously reported CF parameters for Er2Pt2O7 [109] as starting
values. First, the fit of 5 - K data - combining three energy spectra measured
with initial neutron energies 10, 30, and 180 meV - was done. Subsequently,
these parameters were used as starting values to fit the data measured at all
temperatures (i.e., 5, 60, 100, and 200 K). We remind the reader that at elevated
temperature the intensity of individual excitations changes and simultaneously
new excitations, corresponding to transitions between thermally populated en-
ergy levels, occur. The fitted spectra are presented in Figure 4.19 and the values
of final CF energies and parameters are listed in Table 4.3. Small differences
between the parameters obtained by fitting the 5 K spectra only and the param-
eters refined fitting the spectra at all temperatures demonstrate a good quality
of the initial fit as well as the consistency of our experimental data measured at
different temperatures.

4.3.2 Lattice and magnetic excitations in Tm2Ir2O7

Tm2Ir2O7 and Lu2Ir2O7 pyrochlores were investigated by means of inelastic neu-
tron scattering similarly as in our previous study of erbium iridate 4.3.1. Below,
we provide a concise information on data treatment and analysis, not repeating
some of the details discussed in section 2.6 and 4.3.1.

Energy excitations in lutetium analogue were investigated mainly to enable a
subtraction of any phonon contribution from Tm2Ir2O7 data, and, in turn, a study
of magnetic excitations connected to Tm3+ ion. The dependence of the energy
transfer ∆E on the momentum transfer Q, so-called E-Q map, of Tm2Ir2O7,
Lu2Ir2O7 and their difference for incident energies of 30, 120, and 180 meV at
5 K are plotted in Figure 4.20. To account for the different neutron scattering
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cross-sections of Tm and Lu ions, Lu2Ir2O7 data were multiplied by the ratio
between the total scattering cross-sections of Tm and Lu, which equals to 0.9772,
prior the subtraction.

Inspecting difference E-Q maps measured at 5 K, several magnetic excitations
are unambiguously identified: signal at around 10, 35 and 55 meV (Figure 4.20).
A broader magnetic signal is observed between 70 - 90 meV, and no additional
magnetic excitations are detected up to 150 meV. We note that the low-energy
excitations in spectra, most prominent peak at around 4 meV, were identified as
CF contribution of unreacted Tm2O3. As all CF excitations of thulium oxide are
of low-energy (below 11 meV) [110], this parasitic signal did not hamper analysis
of our data. We subtracted this Tm2O3 signal from difference data creating
Figure 4.21.

Low-Q cuts of the subtracted data were closely investigated, searching for
magnetic excitations and their evolution with temperature. Four excitations were
observed in 5 K spectrum. Free Tm3+ ion with J = 6 has 13-fold degenerated
ground state. In pyrochlore lattice, D3d, −3 m point symmetry, the ground state
multiplet of thulium ion is split into four doublets and five singlets with one
being a ground state. (Contrary to Er ion, Tm is non-Kramers’ ion. See section
4.3.1). Hence, 8 excitations are expected in spectra. Determining the CF scheme
of Tm2Ir2O7 utilizing only 4 excitations in the spectra would, of course, lead
to dubious results. Therefore, we created a model CF spectrum, and used its
parameters as starting values for a refinement of CF parameters of Tm2Ir2O7.

Utilizing the previously determined CF schemes of Er2Ir2O7 and Yb2Ir2O7

analogues, see section 4.3.1 and reference [13], CF parameters for Tm2Ir2O7 were
calculated scaling the corresponding Stevens factors of these two analogues – the
most natural choice from the viewpoint of atomic numbers of respective ions. See
reference [94] for details. The resulting CF parameters and excitation energies are
listed in Table 4.3. Significantly different CF schemes are bound to mirror in bulk
properties of Tm2Ir2O7. Indeed, inspecting the magnetic entropy (Figure 4.22c),
the scheme derived from Yb2Ir2O7 parameters gives worse agreement than that
of Er2Ir2O7. First, the entropy increases to the value of R ln(3) where its slope
changes, corresponding to the transition from the ground state singlet to the first
excited doublet. Another, much less pronounced, change in the entropy curve is
observed at R ln(5) rather than at R ln(4), suggesting that the second excited
state is a doublet, not a singlet. Also the magnetic susceptibility calculated
from Er-re-scaled CF parameters agrees better with measurement, compared to
calculations based on Yb model, see reference [84]. In further discussion, Er2Ir2O7

based model was used for the analysis of Tm2Ir2O7 INS spectra.

The spectra calculated from re-scaled CF parameters indicate low intensity of
the high energy excitations, perfectly in agreement with experiment. Inspecting
the high-energy region in E − Q maps (Figure 4.20) and Q cuts in Figure 4.21,
no defined magnetic signal is found above 60 meV. The model predicts only 3
excitations (ground state singlet, two doublets, and singlet) in low-energy region.
Actually, 4 excitations are observed in data (supposedly additional doublet is
actually at lower energy than predicted). Refinement of 6 CF parameters from
data containing only 4 peaks was highly unstable. Therefore, we performed a
simultaneous refinement of not only 30, 120 and 180 meV spectra at 5 K, but
also at temperatures 100 and 200 K. Thermal population of the first excited CF

63



Figure 4.20. Magnetic and phonon excitations in Tm2Ir2O7 and
Lu2Ir2O7. E −Q maps measured within incident energies 30, 120 and 180 meV
at 5 K are presented for Tm2Ir2O7 (a - c), Lu2Ir2O7 (d - f) and their difference
(g - i).
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level at 10.5 meV allows a transition to higher lying levels at 100 and 200 K,
resulting in new magnetic excitations at ∼ 23.3, 26.2, 46.0 meV, and a very weak
signal around 62 meV (denoted by orange arrows in Figure 4.21). Of course,
also other excitations between partially thermally populated higher-energy levels
are allowed, but are expected to be significantly less intense. Tuning the CF
parameters to properly describe all the peaks in measured spectra led to a final
set of parameters listed in Table 4.3. Fits of data to CF scheme are plotted in
Figure 4.21, showing a reasonable agreement with measurement.

Figure 4.21. CF Hamiltonian fits to magnetic excitations in
Tm2Ir2O7. Q cuts of E − Q maps measured with a) 30, b) 180 (upper part)
and c) 120 meV (bottom part) incident energies at 5, 100, and 200 K. Black lines
represent the fits to CF model (parameters listed in Table 4.3). Indexed arrows
denote a CF excitations’ energies, see panel d) and Table 4.3.
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Table 4.3. CF parameters of A2Ir2O7. CF eigenenergies and parame-
ters in Steven’s notation (in unit of meV) of A2Ir2O7 determined from INS data
(Dy2Ir2O7 and Yb2Ir2O7 parameters were adopted from [14, 13] and rescaled).
Two sets of parameters for Tm2Ir2O7 were derived by scaling the CF parameters
of Er and Yb analogues by Steven’s factors (Er → Tm, denoted as Tm2Ir2O

Er
7 )

and transforming the Wybourne CF parameters to Steven’s notation (Yb → Tm,
signed as Tm2Ir2O

Yb
7 ). The energies of singlet states for Tm2Ir2O7 are marked

with symbol (s); the other levels are doublets. The g-tensor components, per-
pendicular and parallel to local ⟨111⟩ axes, and their ratio are listed as well.

Dy2Ir2O7 Er2Ir2O7 Tm2Ir2O7 Tm2Ir2O
Er
7 Tm2Ir2O

Yb
7 Yb2Ir2O7

B2
0(10

−2) −20.3 7.456 18.277 29.670 36.670 115.240

B4
0(10

−3) −2.27 1.886 5.057 6.949 4.228 −55.840

B4
3(10

−2) −1.58 1.148 3.184 4.228 4.54 −59.420

B6
0(10

−6) 8.37 9.720 −31.26 −26.330 143(2) 2333.770

B6
3(10

−4) 1.20 −1.473 3.873 3.981 143(2) −567.570

B6
6(10

−4) 0.683 2.418 −5.89 −6.554 −4.398 348.380

E0 0 0 0(s) 0(s) 0(s) 0

E1 29.5 5.581 10.467 8.733 13.733 77.780

E2 37.0 8.684 33.827(s) 37.646 24.359(s) 111.349

E3 19.937 36.734 37.935(s) 32.418 151.680

E4 64.149 56.559 65.429 60.740

E5 65.391 72.768(s) 83.915 71.550(s)

E6 70.214 73.868 86.147(s) 75.259

E7 89.935 89.239(s) 117.112(s) 110.438(s)

E8 95.250(s) 121.177(s) 113.829(s)

g⊥ 19.71 6.28 0 0 0 4.03

gz 0 3.04 0 0 0 2.32

g⊥/gz 19.71 2.1 1.74
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4.3.3 Mean field calculations

To calculate the magnetization as a function of magnetic field, DC magnetic
susceptibility and magnetic contribution to specific heat as a function of temper-
ature, we employed the microscopic Hamiltonian containing the trigonal crystal
field term (see equation 4.2) and the Zeeman term. The Schottky specific heat
was calculated according to the equation 2.7 with the energy levels Ei determined
from the INS experiment.

The wave functions and eigenenergies of the Er3+ (J = 15/2) in CF were
determined diagonalizing the model Hamiltonian. These were used to compute
the desired quantities using our in-house computer codes [111]. The real diagonal

matrix of the total angular momentum ˆ︁Jz operator and the real symmetric matrix
of the off-diagonal ˆ︁Jx operator were both transformed by similarity transformationˆ︁J t

z = QT ∗ ˆ︁Jz ∗Q (4.3)

andˆ︁J t
x = QT ∗ ˆ︁Jx ∗Q, (4.4)

respectively. The matrix Q contains the eigenvectors of the microscopic Hamil-
tonian in columns and QT is the transpose matrix of Q. The magnetization as a
function of magnetic field and temperature was obtained as

M∥ = gTr( ˆ︁J t
z ∗ ρ) (4.5)

and

M⊥ = gTr( ˆ︁J t
x) ∗ ρ), (4.6)

where g is the Landé factor of the ground-state multiplet, ρ is the diagonal density

matrix with exponentials e

(︂
− Ei

kBT

)︂
on the main diagonal.

Comparison of magnetic susceptibility M/H(T ) with the calculations is dis-
played in Figure 4.13. CF parameters of Er2Ir2O7 and Tm2Ir2O7 derived from
INS were supplemented by the CF parameters of Dy2Ir2O7 and Yb2Ir2O7, adopted
from references [14, 13]. Mean field description of Tm3+ behaviour based on CF
of Tm2Ir2O7 was confronted with calculations utilizing the rescaled CF param-
eters of Er2Ir2O7 (details can be found in [84]). Magnetization was calculated
for two local crystallographic directions; along and perpendicular to the tetrahe-
dron ⟨111⟩ axes. The two components were powder-averaged, and the averaged
values are plotted in Figure 4.13 as green lines. A remarkable agreement between
calculations and measurement was observed in the case of Er2Ir2O7 and Yb2Ir2O7

suggesting that the magnetic behaviour is governed by the rare-earth magnetism
well below the TIr. However, the magnetic behaviour of Tm2Ir2O7 and Dy2Ir2O7

is reproduced by the calculation rather poorly. To explain the Tm2Ir2O7 de-
viation from the mean-field approach, the ground state of Tm ion should be
considered. Tm3+ has a non-magnetic singlet ground state which is affected by
complex exchange interactions between the induced thulium magnetic moment
via the polarization of the ground-state singlet and itinerant iridium moments.
The calculations of the magnetization of Dy2Ir2O7 indicate a strong anisotropy in
the system, the mean-field calculations reproduce just a high-temperature data
well above TIr. The disagreement between the mean-field approximation of the
experimental data can be caused by the inappropriate method of simple powder
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averaging, however, the MFA of Er2Ir2O7 and Yb2Ir2O7 data turned out to be
sufficient. It suggests that in the case of Dy and Tm analogues more compli-
cated interactions, magnetic frustrations or the influence of the iridium staggered
molecular field play an important role.

Similar to the temperature dependence of magnetic susceptibility, the isother-
mal magnetization was calculated utilizing the CF parameters. The powder av-
erage of the magnetization curves in the mean-field approximation is presented
as line of respective colour in Figure 4.14. In the case of Dy2Ir2O7, the calcula-
tions significantly underestimate the experimental magnetization. However, the
Ir sublattice moment contributes to the total magnetic response by the value up
to 1.74 µB for the S = 1/2 state of Ir4+. Moreover, the suggested magnetically
fragmented state in Dy2Ir2O7 ions also predicts a reduced value of dysprosium
moment [14].

The calculations of the Yb2Ir2O7 magnetic response also underestimate the
total magnetization; however, the µ7T at 0.4 K increased by the value of ordered
Ir moment is consistent with the mean-field predictions based on the CF scheme
published in [13]. The lowest agreement between mean-field approximation and
experimental data is found in the case of Tm2Ir2O7. An explanation of such a
disagreement can be found in the interaction between a non-magnetic Tm ground
state and the molecular field. To quantify the value of molecular field acting on
Tm ion the following numerical experiment was performed: the molecular field
was included in the direction of the external field to microscopic Hamiltonian,
the molecular field was calculated self-consistently; Hmf = λ′⟨M⟩, where λ′ and
⟨M⟩ are the adjustable molecular field constant and the average magnetization
at T = 180 K, respectively. This estimate gives a good average value of mag-
netization at T = 180 K (see the purple line in Figure 4.14 c); however, lower
temperature (⩽ 100 K) data are described rather poorly. Moreover, mean-field
calculations including the effect of molecular field predict the ferromagnetic type
of metamagnetic transition which is not reproduced by the experimental data.
The inadequate description of the magnetization below TIr points to more com-
plicated interactions exceeding a simple molecular field approximation.

Higher-temperature part of Cmag in the case of A = Er and Yb is well de-
scribed by the changes in the internal energy of the system, Schottky specific
heat (see Table 4.3 and section 4.3). Cmag of Er2Ir2O7 reveals anomalies cen-
tred at 30 K and 240 K which are well described by the Schottky contribution
to the specific heat (blue lines in Figure 4.22b) calculated from CF excitation
energies. A broad anomaly in Yb2Ir2O7 data is centred at 260 K, consistent with
the CF excitation spectra, and shows a large splitting between the ground and
first excited CF states (see Figure 4.22 d). Inspecting the magnetic entropy of
Er2Ir2O7 shown in the insets of Figure 4.22 b), four regions can be distinguished:
(i) the low-temperature region, where the entropy rises from zero to the value of
R ln(2) with increasing temperature, corresponding to splitting of the ground-
state doublet due to magnetic correlations; (ii) the region below 90 K, where the
entropy increases significantly up to R ln(6), demonstrating that the first two CF
excitations have not significantly different energies, both lower than ∼ 9 meV;
(iii) the region below 220 K, with entropy developing almost linearly with tem-
perature up to R ln(8), pointing to the third excited doublet at energy < 20 meV;
and finally (iv) the high-temperature region (> 220 K), exhibiting further entropy
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increase, presumably up to the value of R ln(16) at significantly higher tempera-
ture; four CF doublets are expected in the higher-energy region. Our analysis of
magnetic entropy is fully consistent with INS data presented in section 4.3.1.

The magnetic entropy of Tm2Ir2O7 (see inset in Figure 4.22 c) reveals a steep
increase to R ln(3) followed by the change of the slope, which suggests the tran-
sition from the ground state singlet to the first excited doublet. Another change
in the entropy curve is observed at R ln(4), which suggests the second excited
state is a singlet. At R ln(6), the increase of magnetic entropy becomes less
steep corresponding to the third excited doublet energetically proximal to second
excited state. The higher-energy excited states are hard to recognize from mag-
netic specific heat data. Again, good agreement with INS data (section 4.3.2) is
followed.

Yb2Ir2O7 magnetic entropy development (inset in Figure 4.22 d) documents
the population of the ground state doublet R ln(2) which is followed by a temper-
ature plateau up to 130 K. At higher temperatures the entropy sharply increases
close to the value of R ln(4) at 300 K, which is a consequence of a broad Cmag

anomaly, that is, three CF excitations not much separated in energy (CF param-
eters from [13] listed in Table 4.3).

Figure 4.22. Schottky specific heat in A2Ir2O7. Magnetic contribution to
specific heat (black squares) is presented. Solid blue lines represent calculated
Schottky specific heat, based on the CF parameters (see Table 4.3). Dashed red
line in panel c) corresponds to Schottky specific heat of Tm2Ir2O

Er
7 . The insets

contains magnetic entropy calculated from magnetic specific heat (equation 2.9).

Utilizing the Dy excitation scheme derived from CF parameters [14], Cmag

of Dy2Ir2O7 describes the anomaly centred at 240 K (Figure 4.22 a), however,
the enhancement of the Cmag at ∼ 25 K can not be explained by the crystal
field excitation of the Dy ions. As the first reason for the disagreement be-
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tween the data and the CF model should be considered the use of Lu2Ir2O7 as a
non-magnetic analogue. To justify the use of Lu2Ir2O7 data, the following con-
siderations are made: (i) the iridium magnetic contribution to specific heat is
almost identical within the series, which is, to a certain degree, confirmed inves-
tigating the specific heat of the upper listed A2Ir2O7 and (ii) the Cel is similar
for all rare-earth analogues; the phonon contribution, dependent specially on the
atomic properties of Dy and Lu ions (and related lattice differences), could be re-
sponsible for observed anomaly. Previously used Eu2Ir2O7 data represent a better
choice to obtain Cmag of dysprosium analogue [14, 112]. Nevertheless, comparing
Eu2Ir2O7 [8] and Lu2Ir2O7 data, no significant difference, focusing mainly on the
relevant temperature range, is observed. Considering the anomaly is intrinsic,
the explanation could be found in the low-energy high-phonon density of states
observed in the neutron scattering data [14]. However, further data on the energy
spectrum of Dy2Ir2O7 are essential to make a reliable decision on the proposed
scenario.

4.4 Powder neutron diffraction of Tm2Ir2O7

Anomalies in specific heat and magnetization data of A2Ir2O7, as well as previous
studies on selected members (e.g. A2Ir2O7 with A = Nd, Eu or Tb [79, 113, 16])
suggest a long-range ordering of the iridium magnetic moments. To inspect the
magnetic structure in other members of A2Ir2O7 series, namely Tm2Ir2O7, neu-
tron diffraction experiment was performed. Tm ion in Tm2Ir2O7 reveals a singlet
ground state (4.3.2 and Table 4.3), therefore no long-range magnetic ordering is
expected for Tm sublattice. That is, only the magnetic signal of iridium sublat-
tice is investigated. Neutron diffraction experiment on Tm2Ir2O7 at temperatures
ranging from 0.1 K to room temperature was performed employing D1B at ILL,
Grenoble as described in section 2.2.

Inspecting the diffraction pattern recorded at 180 K (Figure 4.23a), well above
any magnetic transition, data are described by the pyrochlore structure with the
position of Bragg reflection denoted with green ticks and respective (hkl) indices.
In addition to Tm2Ir2O7, contribution of the copper holder is manifested as two
labelled peaks at 74 and 89°. Signal coming from unreacted Tm2O3 is marked
with asterisks. The volume fraction of oxide is lower than 1.5%.

During cooling, pyrochlore structure of Tm2Ir2O7 is preserved down to 0.1 K.
Development of pyrochlore lattice parameter is plotted in Figure 4.23 b). A linear
decrease of a is followed down to 80 K and it tends to saturate at lower tempera-
ture. A thermal expansion of the crystal lattice can be described within a Debye
model of lattice vibration. For a cubic material, a development of the lattice
parameter with temperature is supposed to follow an expression [114]

a = a0 (1 + I0Tϕ(θD/T )) , (4.7)

where a0 is lattice parameter extrapolated to 0 K (= 10.145 Å) and
I0 (1.02(6)·10−5) is proportional to the product of isothermal expansion and
Gruneisen parameter. ϕ(θD/T ) represents a polynomial approximation of De-
bye integral and can be found in [114]. Debye temperature θD deduced from the
fit was determined as 380(30) K, which is in good agreement with the Debye
temperature calculated for Lu2Ir2O7 from the specific heat data (θD = 350(4) K
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in 4.2.1) and further justify the use of lutetium analogue as a good approximation
of lattice contribution to specific heat.

Figure 4.23. Neutron diffraction on Tm2Ir2O7. a) Neutron diffraction
pattern recorded at 180 K, red line stands for a fit to the pyrochlore structure,
blue line represents the difference between experimental and calculated data.
Positions of Bragg reflections belonging to a pyrochlore phase, copper holder and
Tm2O3 are denoted by green, grey and pink ticks, respectively; respective peaks
are marked by hkl reflections, Cu and by asterisks. Panel b) contains temperature
development of the pyrochlore lattice parameter a together with a fit to Debye
model of lattice expansion. c) Temperature development of 222 peak of pyrochlore
structure (F d 3̄ m, 227) at 0.2 K (blue) and 10 K (red), and zoomed in detail
with additional temperature 0.3 K patterns (green).

Searching for a magnetic signal below TIr = 142 K, no clear evidence of mag-
netic ordering was observed. No additional peaks outside of nuclear reflections’
positions were tracked out. Focusing on a development of intensity of nuclear
peaks, a subtle increase of intensity was followed on (222) reflection. This sig-
nal could be ascribed to the AIAO structure of Ir moments, similarly as pre-
viously reported for other analogues (A = Nd [79], Eu [113], Tb [16], Dy [14],
Yb [13] and Lu [13]). However, no additional signal was found at other peaks.
(We note that no additional magnetic signal was observed in difference patterns
subtracting 180 K data from lowest-temperature one.) Therefore, based on mea-
sured data, neither AIAO structure, nor any magnetic ordering of Ir sublattice
in Tm2Ir2O7 can be unambiguously acknowledged. It is worth noting that an
analogous experiment of neutron diffraction on Er2Ir2O7 was performed using in-
strument E6 at HZB, Berlin. Similarly to the thulium iridate, no magnetic signal
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was observed down to low temperatures. Nevertheless, it is in agreement with
the results published in [9].

4.5 µSR spectroscopy of Er2Ir2O7 and Tm2Ir2O7

Magnetic correlations can be effectively investigated using µSR spectroscopy,
where muons implanted into the sample serve as a sensitive local probe. Muon
spin rotation spectroscopy allows us to study the local magnetic environment at
the implanted muon site, even without the perturbation of applying a magnetic
field. The probe is sensitive to spin dynamics in the MHz regime. Oscillations in
the time response of muon asymmetry are typically observed in an ordered mag-
netic state and result from muon precessing about the axis of a uniform internal
magnetic field.

A2Ir2O7 pyrochlores consist of two magnetic sublattices, and two muon im-
plantation sites can be observed. µSR experiment on Er2Ir2O7 was conducted at
a pulsed muon source at the Rutherford Appleton Laboratory (RAL, ISIS), Did-
cot, using the MUSR spectrometer (details of the experiment are given in section
2.8). At all temperatures, there is a strong depolarisation of the implanted muon
ensemble (see Figure 4.24b); however, no oscillations in the muon spectra are
observed at any temperature. Subsequently, a µSR experiment on Er2Ir2O7 and
Tm2Ir2O7 was performed using a continuous muon source at the Paul Scherrer
Institute, Villigen, on the GPS spectrometer (see section 2.8), which enabled us to
measure muon depolarisation with higher time resolution. This was necessary as
the observed oscillations are highly damped and so the residual amplitude of the
oscillation is almost completely wiped out by the start of the ISIS spectrometer
observation window at ∼ 0.2 µs.

GPS muon asymmetry data for both, Er2Ir2O7 and Tm2Ir2O7, reveal pro-
nounced oscillations. The oscillations noticeably develop with temperature in-
creasing up to 130 K, and no clear oscillations are observed above TIr. The static
local magnetic field at muon stopping site is indicated in both analogues. Selected
data and fits of initial muon asymmetry development A(t) are shown in Figures
4.24 and 4.25 for erbium and thulium iridate, respectively.

A single function was used to parameterise the A(t) at all temperatures, incor-
porating a combination of a slow Lorentzian relaxation characterised by λ1 and
damped oscillating function with oscillating frequency ωµ, damping λ2 and phase
factor Φ, spectrometer-dependent time invariant characteristic. A time-invariant
background contribution, Ab, accounting for muons stopping within the sample
holder and certain uncorrelated events also contributes to a total fit function:

A(t) = A1e
−λ1t + A2e

−λ2tcos(ωµt+ Φ) + Ab, (4.8)

which was also utilized for neodymium iridate pyrochlore [115]. In the case of
Er2Ir2O7, where both GPS and MUSR data were collected at corresponding tem-
peratures, the fitting was performed simultaneously for both data sets. Fitting
the GPS data determines the oscillating frequency and its damping, an incorpora-
tion of MUSR data helps to stabilize the slow relaxing component in function 4.8.
For Tm2Ir2O7 just GPS data were measured and therefore the slow relaxing com-
ponent is connected with larger uncertainty.
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Figure 4.24. µSR spectra of Er2Ir2O7. a) GPS and b) MUSR data at
selected temperatures; solid-line represents a fit to the two-component function
of muon depolarisation (equation 4.8). Data are shifted along the y-axis for better
clarity.

Figure 4.25. µSR spectra of Tm2Ir2O7. GPS data below and above TIr

with fits to equation 4.8 (solid black lines). Data for individual temperatures
were shifted along y-axis for better quality.
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Figure 4.26. Temperature evolution of µSR fit parameters. Tempera-
ture dependence of depolarisation rate λ2 of oscillating component with frequency
ωµ for Er2Ir2O7 and Tm2Ir2O7. Red lines represent the fit to the critical behaviour
as described in the text.

The temperature dependence of ωµ for both Er2Ir2O7 and Tm2Ir2O7 is shown
in Figure 4.26 b,d). Oscillations in asymmetry data start to appear below TIr and
the frequency of oscillations increases with decreasing temperature. In the case
of thulium iridate, the ωµ development follows a critical behaviour described with
ωµ ∼ (1−T/TC)

ϵ [116] (red line in Figure 4.26). The critical exponent ϵ equals to
0.14(2), which is close to the value predicted for 2D Ising spins (= 0.125 [116]).
Simultaneously, the damping of oscillations characterised by λ2 also increases
with decreasing temperature (Figure 4.26a). In the case of erbium iridate, the
development of oscillation damping and frequency follows thulium analogue down
to ∼ 70 K; however, lowering the temperature below 70 K causes a rapid increase
of oscillating frequency as well as stronger damping of oscillations. This increase
in oscillation frequency is a result of an increase in local field strength at the
muon site, causing a shorter precession period of the muon’s spin about local field
direction. Using data down to 70 K, the critical exponent ϵ was determined to be
0.27(4), which exceeds the value for the thulium analogue. However, the relevance
of the ϵ comparison is significantly burdened by the restricted temperature range
of ωµ fitting for the erbium analogue. For both analogues, an initial rapid increase
of oscillation damping λ2 below TIr is rather an artefact of data processing, while
the oscillating component of asymmetry disappears quite fast from the signal
when a temperature approaches TIr. Contrary, the low temperature enhancement
of λ2 occurring in both analogues signifies a broader distribution of local fields
at muon stopping site within the spectrometer time-window, much stronger for
the erbium analogue. This is not at all surprising as at low temperature the
large magnetic moments of the erbium ion begin to slow into the spectrometer
time-window and depolarise the implanted muons - seen as an increase in λ2.
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Figure 4.27. Fast Fourier transformation of A2Ir2O7 µSR spectra.
a) Er2Ir2O7 and b) Tm2Ir2O7 µSR spectra at selected temperatures. Dashed
lines follow the temperature development of peak maximum corresponding to
oscillation frequency.

To further investigate the character of the muon oscillations, the fast Fourier
transformation (FFT) of the asymmetry data using Mantid software [117] was
performed for both Er2Ir2O7 and Tm2Ir2O7, as shown in Figure 4.27. Due to
the significant damping of oscillations in the erbium analogue, the peaks in the
FFT data corresponding to the frequency of oscillations are less pronounced than
for the thulium analogue, where the damping is weaker. The shift of the FFT
maxima follows the ωµ development in Figure 4.26 b,d; in the case of Tm2Ir2O7,
the position of the maximum shifts towards higher frequencies up to ∼ 70 K and
tends to saturate at higher temperatures with significant broadening of the peak
shape. It corresponds to the increase of oscillation damping λ2 and expresses
the increasing width of local magnetic fields acting on the muons. A stronger
damping, and therefore the increase of the width of local fields distribution, in
Er2Ir2O7 is accompanied by a shift of the FFT maximum towards higher fre-
quencies with decreasing temperature. An increase of oscillation frequency can
be a consequence of the emergence of additional static magnetic field compo-
nent originating from reduced dynamics of the Er sublattice, correlated with the
static Ir sublattice. Such a scenario is, however, not supported by magnetization
measurement and mainly by neutron diffraction, which did not reveal any sign of
coherent magnetic ordering below ∼ 70 K. Instead, an interaction between erbium
ions and ordered iridium moments via Er3+ polarisation likely causes an increase
of ωµ, which was already proposed for similar observation in Yb2Ir2O7 [10] or in
AFeAsO systems [118].
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4.6 Dynamic response of A2Ir2O7

4.6.1 AC magnetic susceptibility

Dynamic properties of magnetic moments are effectively studied by means of AC
magnetic susceptibility. Complex dynamic magnetic response of A2Ir2O7 con-
sists of both A3+ and Ir4+ contributions, each of them at generally different time
scales. As was mentioned in section 3, various experiments on A2Ir2O7 indicate
the possible presence of short-range correlated iridium moments coexisting with
the long-range ordered state. Such a system may exhibit nontrivial dynamic
properties resulting from weakly bounded moments, and the studies of the AC
response are highly desirable. The measurement of A2Ir2O7 (A = Dy, Er, Tm
and Yb) together with non-magnetic rare-earth analogue Lu2Ir2O7 provides the
possibility to partially separate the iridium-iridium interactions from the entan-
glement with rare-earth magnetism. An experimental setup of AC measurement
is described in section 2.7. AC susceptibility data at selected frequencies for all
investigated compounds are plotted in Figure 4.28a - e. Data in arbitrary units
are normalized for better comparison.

Due to the Kramers-Kronig relations between the real and imaginary parts
of AC susceptibility (see 2.26), any change of χ′(T) curvature is accompanied by
a dominant maximum in χ′′(T). For all A2Ir2O7, the change from negative to
positive curvature in the real part of susceptibility χ′(T ) occurs at ∼ 70 K for
10 kHz frequency. The temperature of the transition Tmax(ν), which is associated
with the maximum in χ′′(T ), strongly evolves with frequency. With decreasing
frequency, a significant shift of Tmax(ν) towards lower temperatures is observed
for all oxides together with a broadening of the anomaly in χ′′(T ) leading to
an increase of the experimental error of Tmax(ν). Since the main feature of the
Lu2Ir2O7 AC response corresponds to the magnetic rare-earth A2Ir2O7, the ori-
gin of the AC susceptibility maxima is supposed to be the dynamics of iridium
moments.

Besides high-temperature anomalies, e.g. Tmax = 70 K at 10 kHz in the
case of Er2Ir2O7, similar for all investigated pyrochlores, another anomaly at low
temperatures is tracked out, see Figure 4.28. Similar anomaly is observed for
Yb member. χ′(T ) of these two analogues reveals a significant upturn at 10 and
6 K, respectively, which exhibit just a subtle frequency dependence. While the
high temperature anomaly dominates the χ′′(T ), the low temperature feature
is pronounced to a lower extent. χ′(T ) of Lu2Ir2O7, Tm2Ir2O7 and Dy2Ir2O7

remains constant below 20 K in the whole frequency range. The low-temperature
enhancement of χ′(T ) for A = Er and Yb is therefore ascribed to the contribution
of the rare-earth magnetic ground state contrary to the case of non-magnetic
A analogues. The constant low-temperature χ′(T ) of Dy2Ir2O7 points to the
absence of low-temperature dynamics, possibly due to the freezing of both Dy
and Ir moments above ∼ 20 K.

Considering a significant shift of Tmax(ν) in the investigated frequency range
(see Figure 4.29 a - d), the temperature dependence of the relaxation time τ is
discussed in the frame of spin glass systems. Four generally considered models
have been utilized. The frequency dependence of the freezing temperature Tmax

demonstrated as a maximum in χ′′
AC can be used for the spin glass system char-
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Figure 4.28. AC susceptibility of A2Ir2O7.The representative curves of
χ′(T) (black curves, left axes) and χ′′(T) (red curves, right axes) part of AC
susceptibility for A2Ir2O7 iridates in the frequency range 0.6 - 10.0 kHz. Panel f)
contains a comparison of A2Ir2O7 response at 3.0 kHz.

acterisation. δTmax is given by the relation δTmax = d ln(Tmax)
d ln(ν)

; however, due to
the typical small shift of Tmax with frequency, δTmax can be determined as

δTmax =
∆Tmax

Tmax∆ log(ν)
. (4.9)

Typical spin-glass systems are characterised by δTmax ranging from 0.001 to
0.1 [119]. To characterise a spin glass behaviour, the Tmax(ν) shift per decade of
frequency, δTmax, is determined as a slope of Tmax(ν) vs log(ν), see Figure 4.29 a-
d. Analysing the frequency dependence of Tmax shift, similar for all of the studied
A2Ir2O7 compounds, an analogous behaviour of Tmax is observed in the frequency
interval from 3 kHz to 10 kHz. Nevertheless, the values of Tmax(ν) are slightly
lower for the lutetium iridate. The resulting values of δTmax were determined over
two frequency ranges: 0 - 3 kHz and 3 - 10 kHz. The δTmax values lay between
44(2) and 59(1) in the frequency range 3 - 10 kHz, see Table 4.4. In comparison
with typical spin glass systems (δTmax = 0.005 for CuMn [120]), insulating spin
glasses (δTmax = 0.027 for NaSrMn2F7 [121]) or spin-ice materials (δTmax = 0.18,
Dy2Ti2O7, [122]), the A2Ir2O7 values of δTmax are two orders of magnitude larger,
suggesting a rather different character of spin correlations. Simultaneously, the
δTmax parameter has a similar value for A2Ir2O7 (Table 4.4) which mirrors the
dominating role of Ir4+ correlations in the investigated temperature-frequency
range. The linear fits of the low frequency range 0 - 3 kHz of Tmax(ν) lead to
lower values of δTmax lying between 5 and 17, that is, still two orders of magnitude
larger than metallic or insulating spin glass materials.

The second model describes the spin system consisting of magnetic particles
without mutual interactions. Such a system can be found
in e.g. superparamagnets or single − molecule magnet compounds [64, 123].
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Figure 4.29. AC susceptibility anomaly viewed by spin dynamics mod-
els. Frequency dependence of the high-temperature anomaly in AC susceptibility
data, Tmax, of individual A2Ir2O7. Red, blue, purple, and yellow circles stand for
A = Dy, Er, Tm and Yb. Black triangles represent the Lu2Ir2O7 data. Green
lines are fits to the frequency dependence of the freezing temperature (first row,
a - d), Arrhenius law (second row, e - h), Vogel-Fulcher law (third row i - l), and
power-law (fourth row m - p).

78



Due to the absence of magnetic interactions, the formation of magnetic domains
is suppressed. The magnetic anisotropy separates the spin orientations by the en-
ergy barrier Ea, and the excitations are realized by the thermally activated spin
flipping. The temperature dependence of the spin relaxation τ can be described
by the Arrhenius law

τ(T ) = τ0e
Ea
kBT , (4.10)

where τ0 denotes the characteristic time for spin reversal known as attempt
time (ranging from 10−11s to hours or longer period [64]). An interacting sys-
tem is described by a characteristic frequency ν0 and activation flipping energy
Ea. Measured data were fitted using a linearized form of the Arrhenius law:
ln(ν) = ln(ν0)− Ea

kB

1
Tmax

(Figure 4.29 e - h). Fitting the data in 3 - 10 kHz inter-

val, the activation energy Ea

kb
for A2Ir2O7 was determined to fall into the interval

82(5) - 108(5) K and characteristic frequency values ν0 ∼ 30 kHz (see Table 4.4).
Energies of the barriers are comparable with the temperatures of the anomalies at
high frequencies. However, the intrinsic frequencies are unusually low. While the
high-frequency data (3 - 10 kHz) are well fitted by Arrhenius law, Tmax anomalies
in lower frequencies deviate from a linear dependence, which could be a signature
of a more complex dynamical processes occurring in the A2Ir2O7 oxides with both
magnetic and nonmagnetic rare-earth cations.

To take into account the development of correlation length as a temperature
is approaching the freezing point from above, a third model of power-law scaling
can be used. The frequency dependence of the relaxation time is written as [119]

τ = τ0

(︃
Tmax(ν)− Tg

Tg

)︃−zν′

(4.11)

where zν ′ is a dynamical exponent of the critical slowing down. For the spin-
glass systems, typical values of zν ′ lie between 1 - 20 [124]. Data were fitted to
its linearized form ln(τ) = ln(τ0)− zν ′ ln(Tmax−TSG

TSG
), see Figure 4.29 m-p. The re-

laxation time τ is equal to ν−1, the characteristic relaxation time τ0, freezing
temperature TSG as ν → ∞ and dynamical critical exponent zν ′ characterise the
system. For typical spin glasses, zν ′ lies between 4-12 [124]. For all compounds
TSG was estimated to lay between 11 K and 35 K based on the extrapolation of
Tmax(ν) towards the lowest frequencies, see Table 4.4. The values of zν

′ resulting
from a linear fit of the power-law fall between 0.49(2) and 0.57(1) for all A2Ir2O7.
These values are an order of magnitude lower than for classical spin glasses. τ0
ranges from 0.02 to 0.05 s (see Table 4.4), which does not fit into a classical
atomic time scale (10−5-10−10 s).

Interactions between spins leading to their freezing can be also described using
the empirical Vogler-Fulcher law originally proposed to account for an increasing
viscosity of supercooled liquids when approaching the glass transition. Within a
Vogel-Fulcher law, relaxation-time development is described as [125]

τ = τ0e
Ea

kB(T−T0) , (4.12)

where Ea and τ0 stand for the activation energy and characteristic relaxation
time, a parameter reflecting the interaction between magnetic moments. To fit
the data, 4.12 is modified into the linearized form: Tmax = Ea

kB

1
ln(ν0/ν)

+ T0, where
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T0 is the Vogel-Fulcher temperature, in atomic structural glasses called the ideal
glass temperature and also understood as a measure of intercluster interaction
and ν0 stands for the intrinsic relaxation frequency of the system. Attempts to fit
all T0, Ea and ν0 parameters were performed, the results found the Vogel-Fulcher
temperature to be zero. The unphysical behaviour led us to use a standard
method of fixing ν0 at physically reasonable value and perform the fit of Ea and
T0. The value of ν0 was selected to be equal to 40 kHz, significantly lower than
typical values of metallic spin glasses (1013 Hz) or spin cluster materials (107 Hz).
The choice of a higher value of ν0 again leads to a zero value of T0. The acti-
vation energies reach 70(2) - 91(3) K and the Vogel-Fulcher temperatures range
from 1.5 - 19 K for A2Ir2O7 (see Table 4.4). The data reveal a significant devi-
ation from the standard Vogel-Fulcher behaviour, see Figure 4.29 m-p, thus the
scenario of interacting spin clusters can be excluded.

Figure 4.30. Arrhenius plots of A2Ir2O7 AC susceptibility. Two fre-
quency domains of Tmax(ν) behaviour fitted by Arrhenius law at high (red line)
and low-frequencies (green line) for all A2Ir2O7.

Comparison of Tmax with Arrhenius law and δTmax linear fits reveals a ten-
dency of Tmax(ν) to follow a linear evolution with two different slopes for high- and
low-frequency regions, which are separated by the boundary at TB. The similarity
of the A2Ir2O7 AC susceptibility development implies a comparable values of TB
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being ∼ 40 K for all studied compounds, except for dysprosium analogue which
TB equals to 46(2) K (see Table 4.4). Arrhenius law was applied separately on
the high- and low- frequency parts of Tmax(ν) (red and green lines in Figure 4.30)
and two respective sets of activation energies Eh

a and El
a were obtained (see Table

4.4). The Eh
a values of A2Ir2O7 lay between 100 - 160 K, whereas the El

a falls
within the interval 40 - 70 K (Table 4.4). The successful description of Tmax(ν)
behaviour considering two sets of parameters suggest that two mechanisms of spin
relaxation with different flipping energies are present. Such a situation is rare,
however, a similar two-slope character of spin relaxation was observed in the case
of frustrated 2D organo-metallic triangular antiferromagnet with spin freezing
below 2 K, where weakly bounded spins on the antiferromagnetic domain walls
are responsible for the AC susceptibility response in two regimes [126].

Table 4.4. Parameters of spin glass models for A2Ir2O7. δTmax stands
for the shift of the maximum’s temperature per decade of frequency, Ea/kB rep-
resents the barrier energy of thermally activated behaviour typical for superpara-
magnets with ν0 as a characteristic frequency of the system (Arrhenius law). T0

is the Vogler-Fulcher temperature and Ea/kB∗ is the activation energy of the
respective clusters. TSG represents a spin glass temperature in the limit of short
time-scale (ν → ∞), zν ′ denotes the critical coefficient and τ0 is the characteristic
relaxation time in model of the critical behaviour near the spin glass transition
(power-law). TB divides the AC susceptibility response into the low- and high-
frequency part characterised by the activation energies El

a and Eh
a

Dy2Ir2O7 Er2Ir2O7 Tm2Ir2O7 Yb2Ir2O7 Lu2Ir2O7

δTmax(ν)
0−3.2kHz 11(2) 12(2) 5(1) 36.670 10(2)

δTmax(ν)
3.2−10kHz 45(2) 47(1) 44(1) 46(2) 59(2)

Ea/kB(K) 92(5) 82(3) 90(6) 4.54 108(3)

ν0(kHz) 42.65(3) 40.13(2) 22.6(3) 143(2) 30.61(2)

T0(K) 17(2) 6.6(8) 19(2) 9.1(8) 1.5(5)

Ea/kB∗(K) 71(3) 90(3) 70(2) 84(4) 91(3)

TSG(K) 17(2) 11(1) 35(1) 12(1) 17.2(8)

zν ′
0.43(1) 0.48(2) 0.46(1) 0.48(3) 0.74(1)

τ0(s) 0.058(2) 0.051(1) 0.052(1) 0.058(2) 0.0031(1)

TB(K) 46(2) 40(2) 40(3) 40(2) 40(2)

Eh
a/kB(K) 156(4) 134(3) 158(4) 136(5) 100(3)

El
a/kB(K) 72(3) 64(5) 40(2) 39(3) 50(2)

A handful of iridium domain wall studies in A2Ir2O7 were published despite
considerable scientific interest in iridium based pyrochlores. The investigation of
magnetic domain structure and domain wall states in Nd2Ir2O7 revealed highly
conductive domain walls in the bulk insulating state by magnetoresistance mea-
surement [81]. The local magnetotransport performed on Eu2Ir2O7 revealed the
size of the magnetic domains ∼ 1 µm [127]; the bulk measurement under ZFC/FC
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conditions confirmed the field inversion asymmetric behaviour of the isothermal
magnetization emerging below AIAO Neél temperature, as well as the shift of
Hall resistivities along the FC directions supporting the scenario of FM/AFM
exchange bias on the domain walls [82]. The marginal attention was paid to the
domain structure of the others A2Ir2O7 compounds, namely the vertical shift of
Y2Ir2O7 isothermal magnetization below the ordering temperature, which was
interpreted as a coexistence of the ferromagnetic and antiferromagnetic compo-
nents [128] or as a result of free spins freezing on the magnetic domain walls [73].
Isothermal magnetization studies of Lu2Ir2O7 [75] and Sm2Ir2O7 [72], both reveal
remanent magnetization after cooling under an applied field, which was again
explained as a freezing of the spins from the domain walls.

4.6.2 Isothermal magnetization of A2Ir2O7

Motivated by the AC susceptibility results, the scenario of domain walls with
weakly correlated spins responsible for the χAC behaviour was tested by isother-
mal magnetization measurements above and below the temperature of iridium
ordering TIr for all A2Ir2O7 compounds. To illustrate the arrangement of do-
main wall spins and their flipping mechanism, the AIAO/AOAI iridium domains
are shown in Figure 4.31, which was constructed based on the idea published
in the publication on Eu2Ir2O7 [82].

According to the scenario proposed in [82], the AIAO/AOAI domain wall
interface produces two kinds of magnetic moments with different correlations in
comparison with Ir deep inside the magnetic domain. Two iridium tetrahedra
at the domain boundary consist of spin triangles parallel to the domain wall
(grey arrows), which are supposed to be weakly bounded and are understood as
rotatable spins. Iridium moments in the centre of domain-boundary tetrahedra
(purple arrows) are ferromagnetically coupled along the external field direction,
carry an uncompensated net magnetic moment and are considered as pinned
spins.

Behaviour of domain wall spins under different cooling regimes, introduced
in [82], will be described in the following text. After the zero-field cooling below
the TIr, the distribution of magnetic domains is random and both pinned and
free spins do not produce any remanent magnetization Msh. During ZFC M(H)
measurement, an increasing external field causes the orientation of the rotatable
spins in the field direction. Magnetization of pinned spins is averaged to zero
because of the random distribution of domains. Decreasing the external field to
zero, non-zero Msh is ascribed to the rotatable spins still pointing in the direction
of a previously applied field, an additional negative field HC is needed to push
the M(H) to zero. Further application of the negative external field orients the
rotatable spins parallel to the field direction, the isothermal magnetization curve
ends at a zero field where the negative value of magnetization results from the
rotatable spin oriented in the direction of the negative field.

Application of the external field during cooling influences the domain popu-
lation and the initial magnetization of pinned spins. Both rotatable and pinned
moments contribute to the non-zero value of remanent magnetization at 0 T, see
Figure 4.31b. After the field increases up to 7 T and is lowered back to 0 T, a
hysteresis is not observed, evidencing the unchanged moment’s state. The value
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Figure 4.31. Sketch of AIAO/AOAI domain walls. a) The A2Ir2O7 irid-
ium sublattice viewed along ⟨111⟩ direction with AIAO (red) and AOAI (blue)
magnetic domains. b) Arrangement of iridium domain wall spins during the
ZFC/FC M(H) cycles; purple and grey arrows denote the pinned and rotat-
able spins, respectively. Figure was constructed based on the idea proposed for
Eu2Ir2O7 [82].

of remanent magnetization is enlarged by the pinned moments due to the pref-
erential domain population. Furthermore, the enhanced value of the coercive
field is needed to induce zero magnetization of the sample. Application of the
maximal reversal field leads to the reorientation of rotatable spins; the HC upon
increasing field still persists due to the presence of pinned spins; however, it is
lowered compared to the measurement with decreasing field.

The -7 T FC protocol increases the domain population oppositely to that
described in the previous paragraph. Since the application of positive field pre-
ceded the application of the negative field during the M(H) measurement, the
remanent magnetization at field increase is lower compared to that measured at
decreasing field because pinned spins preserve the orientation imposed by the
negative cooling field. The zero magnetization is reached at the positive coercive
field and has a lower value under the field decreasing because the rotatable spins
were already reoriented under the maximum positive field of 7 T.

A2Ir2O7 isothermal magnetization M(H) was measured under three differ-
ent cooling protocols, as is described in section 2.5. Representative isothermal
magnetization curves of A2Ir2O7 at 70 K are presented in Figure 4.32, where
black, red and blue points represent the ZFC, 7 T FC and -7 T FC magnetization
curves, respectively. The isothermal dependence of magnetization at 70 K reveals
a state of iridium moments well below the magnetic ordering (∼ 140 K) as well
as sufficiently above the temperature of rare-earth correlations TA introduced in
preceding sections. The shift of zero-field magnetization MSh is observed for all
studied compounds as well as the presence of coercive fieldHC . Such an asymmet-
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Figure 4.32. Magnetization of A2Ir2O7 measured under ZFC/FC
regimes. The M(H) magnetization measured at 70 K under ZFC, 7 T FC
and -7 T FC regimes. Respective arrows indicate the field application proce-
dure. The vertical and horizontal dashed lines denote the MSh and HC used for
construction of Figure 4.33.
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ric magnetization behaviour corresponds with the frame sketched in Figure 4.31.
Asymmetry of isothermal magnetization corresponds to the characteristics of

AFM/FM exchange bias behaviour and can be described within the introduced
model of domain wall spins. The similar shift of magnetization and the emergence
of the coercive field suggest the presence of weakly bounded, rotatable spins for all
A2Ir2O7 (A = Dy - Lu) compounds; however, the development of the magnetic
hysteresis differs. The cases of Dy2Ir2O7 and Ho2Ir2O7 show small values of
M(H) hysteresis in comparison with A = Lu Yb, Tm and Er. Hysteresis of
M(H) vanishes below 40 K and above 100 K in the case of A = Yb, Tm and
Er. The magnetization of pinned spins responsible for a magnetic hysteresis is
significantly lowered for Ho2Ir2O7 and Dy2Ir2O7 possibly due to the entanglement
with the rare-earth magnetism.

Temperature developments of the magnetization shift MSh and coercive field
HC are plotted in Figure 4.33. The non-monotonic dependence of HC is traced
for all analogues. It increases below the TIr, yielding a peak around 70 K and
decreases for further decreasing temperature. The enhancement of the HC can
be a sign of the possible coupling between FM domain-wall spins and bulk AFM
domains, most pronounced in lutetium analogue and well suppressed in erbium
compound. The shift of magnetization MSh increases below TIr and saturates in
the case of A = Dy, Ho and Lu. Contrary, MSh of A = Er, Tm and Yb compounds
increases with decreasing temperature without any sign of plateau.

Figure 4.33. Coercive field and remanent magnetization for A2Ir2O7.
HC and MSh temperature evolution for A2Ir2O7 (A = Dy - Lu), lines are guide
the eye.

Based on our AC and DC susceptibility measurements, the emergence of irid-

85



ium domain wall spins appears to be universal for light rare-earth, non-magnetic
rare-earth and also magnetic heavy rare-earth A2Ir2O7. Principally identical be-
haviour of AC and DC susceptibility suggests a robust character of iridium mag-
netism within the whole series, however, the influence of rare-earth sublattice
imprints in the differences of the magnetization parameters. Since the forma-
tion of magnetic domains is also influenced by the crystallinity of the sample,
the values of Msh and HC can be sample dependent (note two orders of magni-
tude difference of Msh in the case of Y2Ir2O7 from [128] and [73]). Our samples
were prepared under identical conditions, x-ray analysis and electron scanning mi-
croscopy confirmed a comparable size of pyrochlore crystallites (see section 4.1.2).
Therefore, the evaluation of M(H) parameters is consistent, at least within this
study. The development of iridium sublattice dynamic properties with rare-earth
ions probed by AC susceptibility is also documented by the DC magnetization
measurement which allows to quantify the relative amount of the iridium domain-
wall dynamic and frozen spins.

86



5. Discussion and conclusions

A sample synthesis is a first step in the experimental investigation of material.
A significant effort was dedicated to this task in the present work. Establishing
a successful preparation route applicable to a specific material is a non-trivial
and time-demanding task, namely in the case of A2Ir2O7 pyrochlore iridates.

The majority of A2B2O7 oxides are supposed to melt congruently [129] and
are standardly prepared in high amount and good quality. Naturally, there are
exceptions, where a synthesis must be stabilized by various chemicals to enable a
growth of desired compositions [92]. Another obstacle is often the high reaction
or melting temperature of A and B elements or oxides. E.g. ZrO2 has a very
high melting temperature (2988 K) and is chemically stable during heating [130].
Either a sol-gel method and co-precipitation reaction [131], or furnace enabling
the use of extremely high temperature are required to prepare the desired poly-
crystals or even single crystals [132]. Another difficulty arises from the low vapour
pressure of some of the constituent elements and oxides, preventing the synthesis
under ambient conditions. The application of high pressures in a closed reaction
vessel is needed to produce polycrystalline samples of A2B2O7 with B represent-
ing Pb [133], Pt [134], V [135] or Mn [136]. Hydrothermal synthesis methods,
where the reaction vessel contains an aqueous solution of starting materials and
mineralizing agent also enable crystallisation of some A2B2O7 at lower tempera-
tures [137]. To prevent evaporation of material or components is also possible to
employ a proper dissolvent as a flux, e.g., KF or CsCl [92].

Synthesis of A2Ir2O7 oxides is significantly hindered by a high evaporation
rate and low temperature of decomposition of IrO2 oxide, in comparison with its
relatively stable co-precursor A2O3. In the present work, we just focused on the
pyrochlore iridate synthesis from a (slightly off-) stochiometric mixture of initial
IrO2 and A2O3 oxides. Although, also other preparation routes were reported;
e.g. Bi2Ir2O7 was grown from NaBiO3 and IrCl3 by hydrothermal synthesis [138];
we consider that of a mixing of initial oxides as the cleanest one, not potentially
contaminating the final products with other elements.

The attempts to synthesize A2Ir2O7 employing solid state reaction and molten
salt flux growth methods were done (see section 4.1). The most commonly utilized
solid state synthesis revealed a strong temperature development of the pyrochlore
phase formation, as well as its decomposition during the process. In the case of
Er analogue, the pyrochlore phase starts to be formed at 900°C, the most efficient
temperature reaction is found to be 1000°C. However, also a significant portion
of unreacted Er2O3 remains in the material as highly volatile IrO2 oxide decom-
poses/evaporates. A number of attempts were performed to counter the loss of
IrO2 during the preparation process, basically adding additional oxide to the con-
tent. Eventually, by optimizing the Er2O3 : IrO2 ratio and reaction temperature
and time, we were able to synthesize almost pure Er2Ir2O7 sample; only very
few percent of Er2O3 remained in the product. Unfortunately, unreacted erbium
oxide was not eliminated by further adding the IrO2, or varying temperature of
the reaction. Although we consider solid state reaction as a valid route to prepare
A2Ir2O7, also reflecting previous studies [7, 8, 10, 79], we conclude that it does
not lead to phase pure samples and other methods should be employed instead,
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or in combination with.

To counter a high temperature of the pyrochlore phase formation with simul-
taneously non-negligible loss of IrO2, the CsCl assisted flux growth of A2Ir2O7

was performed. Optimizing the preparation process for the specific compound is
essential, especially a choice of the reaction temperature is crucial. At low tem-
perature, a preferential formation of IrO2 single crystals was observed. At high
temperature, an additional off-stoichiometric A-Ir-O phase (same crystal struc-
ture, larger lattice parameter) was formed. The formation of a pyrochlore-like
phase with higher A content is consistent with conclusions on the solid state re-
action, and was observed recently also in light rare-earth iridate Eu2Ir2O7 [90].
The reaction temperature of about 800°C was found to enable preparation of
phase-pure A2Ir2O7 with A = Dy – Lu. We highlight a reproducibility of the
preparation process; repeating the reaction in flux and intermediately regrind-
ing the mixture/products enable preparation of not only A2Ir2O7 with various
A, but also their synthesis in relatively large volume (several grams; necessary
for, e.g., neutron scattering experiments) with a high degree of homogeneity.

Synthesized samples were thoroughly characterized by x-ray diffraction, en-
ergy dispersive x-ray spectroscopy, magnetization and specific heat measure-
ments. The content of constituent elements in the samples was confirmed to
be stoichiometric in all A2Ir2O7 (Table 4.1), although oxygen content could not
be precisely determined based on EDX and XRD. The compounds were confirmed
to crystallize in a pyrochlore structure, space group F d 3̄ m, n. 227 with origin
2. A development of lattice parameter a and fraction coordinate x of oxygen
Wyckoff position 48f (x, 1/8, 1/8) with the atomic radius of rare-earth element
is followed (Table 4.1): The lattice parameter decreases with an atomic number
of A, according to expectations - lanthanide contraction of atomic/ionic radius.
The change of A atom size, simultaneously, influences the oxygen interatomic
distances and angles, i.e. the 8-coordinate oxygen cage around A and octagonal
cage around Ir. As the other atomic coordinates are fixed by lattice symmetry
(oxygen on 8b Wyckoff position has no free parameter.), x represents the measure
of cages-distortion. The difference in x-value from ideal 3/8 causes the cages de-
formation and therefore a strong anisotropy in atomic distances and, in turn, the
anisotropy of electronic properties. x in A2Ir2O7 slightly increases with atomic
number of A, leading to less distorted O cages and hence weaker anisotropy in
the system.

The bifurcation between zero-field cooled and field-cooled magnetization curves
of A2Ir2O7 together with a high-temperature anomaly in specific heat serves as a
signature of the ordering of iridium sublattice. While the specific heat anomaly
is relatively broad, ranges over approximately 30 K, the magnetization data en-
able relatively accurate determination of ordering temperature TIr. Synthesiz-
ing all heavy rare-earth members of the series, including previously unreported
Tm2Ir2O7, and investigating their physical properties allowed us to consistently
complete the phase diagram previously reported by Matsuhira et al. [8]. TIr devel-
ops with ionic radius of A subtly. Almost linear increase of ordering temperature
with increasing atomic number of A is followed (Figure 4.12). The increase of TIr

can be ascribed to the shortening of interatomic distances in the material, and,
in turn, to the less deformed oxygen octahedra around Ir4+ ions. The influence of
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magnetism of the rare-earth ion on TIr seems to be negligible, at least for heavy
rare-earth parth of the series. A tentative conclusion can be drawn: The mag-
netism of A3+ ion for, at least, A = Sm - Lu does not have a (significant) impact
on the ordering of the iridium sublattice. However, vice versa, the ordering of
iridium moments and connected molecular field, could have a significant impact
on the rare-earth ordering. E.g., Tb2Ir2O7 reveals the AIAO ordering below TIr

of not only Ir sublattice, but also Tb sublattice [16].

Further investigating the magnetization properties of heavy A2Ir2O7, a neg-
ative Curie-Weiss temperature was determined for all members. The value of
θp, the lowest value for Lu2Ir2O7 (= - 217 K) resulting from the strong anti-
ferromagnetic correlations between iridium moments, increases with increasing
ionic radius of A (Table 4.2). Such evolution of θp suggests weaker antiferromag-
netic correlations between rare-earth moments enlarging the lattice. Neverthe-
less, the situation is likely more complicated, as complex ordering/ground states
were reported for these materials, e.g., fragmented states in Dy2Ir2O7 [14] and
Ho2Ir2O7 [15], or competition of phases - ferromagnetic and AIAO induced by Ir
sublattice - in Yb2Ir2O7 [13]. The antiferromagnetic correalations are corrobo-
rated by the isothermal magnetization measurements. No signs of ferromagnetic
ordering were observed in the data.

The correlations between rare-earth ions are demonstrated at low tempera-
tures, inspecting the specific heat data. Pyrochlores with A = Dy, Er and Yb,
that is, those with magnetic ground state, reveal the low temperature anomaly
in Cmag, which is attributed to the magnetic correlations between rare-earth ions
with magnetic doublet as a ground state (Figure 4.15). Considering the results
of the inelastic neutron scattering experiments, the CF origin of the anomalies is
excluded. The magnetic entropy connected with the anomalies reach the value
of R ln(2) at the anomalies onset, therefore, the Zeeman splitting of the ground
state doublet stands behind the low temperature anomalies. The observed shapes
of the anomalies are not consistent with the standard magnetic transition to or-
dered state, instead, rather an accretion of magnetic correlations is proposed.
An application of the external magnetic field shifts the anomalies towards higher
temperatures; not typical for simple antiferromagnetic ordering.

Other features and anomalies in magnetization and specific heat data - field-
dependent magnetization change in Figure 4.13 and anomalies in the temperature
evolution of the magnetic contribution to specific heat in Figure 4.22 - were
described in the frame of a standard crystal field model.

Excitation spectra of Er2Ir2O7 and Tm2Ir2O7 were examined by inelastic neu-
tron scattering. An estimation of the phonon part of the spectra was based on
the measurement of Lu2Ir2O7 with non-nagnetic Lu3+. Rare-earth ions’ Wyck-
off position is not cubic, which is the space symmetry of the pyrochlore lattice,
but trigonal point symmetry. The ground state multiplets of Kramers’ Er3+ ion
(J = 15/2) and non-Kramers’ Tm3+ ion (J = 6) in crystalline environment,
hence, split into eight doublets, and into 5 doublet and 4 singlet states, respec-
tively. The measured spectra were described by a model crystal field Hamiltonian;
crystal field parameters are listed in Table 4.3. We highlight that the excitation
scheme of Er2Ir2O7 resembles the one of isostructural Er2Pt2O7 [109], and is sim-
ilar to other analogues with B = Ge, Ti and Sn [109]. The effect of the magnetic
iridium cations on the erbium CF scheme is thus rather weak. Instead, the cubic
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cage of oxygens around Er determines the CF acting on it - a very similar crys-
tallographic parameters of isostructural B = Ir and Pt. Much less information
on Tm2B2O7 pyrochlores was reported. Neverhteless, the energy of the first ex-
citation in Tm2Ti2O7 pyrochlore (= 10.64 meV, [139]) matches that of thulium
iridate ( = 10.6 meV). The complete CF spectra of Tm2B2O7 are not accessible.
The influence of iridium magnetism cannot be conclusively excluded. However,
one can assume that Ir magnetic sublattice plays a rather moderate role on the
Er/Tm CF scheme, which is actually not surprising considering highly localized
4f electrons and their small overlap with Ir 5d orbitals. Instead, the CF acting
on rare-earth ions is predominantly determined by the nearest neighbour oxygen
anions.

Determined CF schemes were confronted with the magnetization and specific
heat data. A local single-ion CF anisotropy dictated by the distorted oxygen cage
around A Wyckoff position has a planar character - perpendicular component
(⊥ to tetrahedron ⟨111⟩ axes) contributes more to the systems’ magnetization
than the parallel component (z) for investigated analogues. As the measure-
ments were performed on the polycrystalline samples, the mangetic susceptibility
was calculated as a powder-average of the crystallographic directions. The in-
verse magnetic susceptibilities of Er2Ir2O7 and Yb2Ir2O7 in Figure 4.13 are well
described by the calculations (CF parameters for ytterbium iridate were adopted
from [13]). On contrary, the magnetic susceptibility of thulium iridate is repro-
duced down to ∼150 K, and at lower temperature, mean field approximation
fails to describe the data. Rather poor agreement of mean field M(T ) calcula-
tions for dysprosium iridate (CF parameters adopted from [14]) was ascribed to
the Ising-like character of Dy moments which point along ⟨111⟩ local axis [14].

Mean field approximation systematically underestimates the isothermal mag-
netization response for all compounds (Figure 4.14). Nevertheless, it is explained
by the iridium contribution which is not included in the calculations. The ex-
perimental data are, hence, sufficiently in agreement with calculations based on
respective CF parameters. Tm2Ir2O7 data, on the other hand, are described
rather poorly by pure CF model. To explain the disagreement between the ex-
periment and calculations based on the CF Hamiltonian, the presence of strong
molecular field was tested. An inclusion of the molecular field in the direction
of the external field was added to microscopic Hamiltonian. The average mag-
netization was calculated self-consistently at T = 180 K (purple line in Figure
4.14 c), describing the data. However, applying this approach (using the same
molecular field constant) leads to a strong deviation between experiment and cal-
culations at lower temperature. A more complicated behaviour originating from
the interactions between the non-magnetic thulium ground state and staggered
field of iridium moments is anticipated.

A perfect agreement between the measured magnetic contribution to specific
heat and the Schottky contribution calculated from CF eigenenergies is illustrated
in Figure 4.22. We note the low-temperature anomaly in Cmag of Dy2Ir2O7, which
is not described by CF scheme. We ascribe this anomaly to a more complex be-
haviour of this analogue, namely, fragmented monopole state of Dy ions [14], and
possibly non-trivial interaction between dysprosium and iridium moments.
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To further investigate the higher-temperature behaviour of A2Ir2O7, con-
nected with Ir-sublattice, we performed measurements of AC magnetic suscepti-
bility, µSR experiment, and neutron diffraction experiment on two representatives
of the series Er2Ir2O7 and Tm2Ir2O7.

In order to study a magnetic ordering from the microscopical point of view,
the experiment of µSR was performed on erbium and thulium iridate. It revealed
an appearance of spontaneous muon spin rotation below TIr which unambiguously
confirmes the long-range magnetic ordering of Ir4+. Moreover, the development
of the oscillations described by the damped oscillations pointed to the difference
between erbium and thulium iridate behaviour and significant entanglement of
the iridium and erbium magnetism. The observed early time oscillations are in
agreement with the previous results on A2Ir2O7 (A = Nd, Eu, Sm, Yb or Y
[115, 77, 76, 10]. An additional increase of oscillating frequency with decreasing
temperature confirmed for erbium analogue was also detected in the case of mag-
netic Kramers’ Nd and Yb pyrochlores which further supports the idea of iridium
and rare-earth magnetism entanglement.

As the µSR experiment undoubtly proved an emergence of the magnetic or-
dering below TIr for Er2Ir2O7 and Tm2Ir2O7, the magnetic structure of iridium
sublattice was investigated by neutron diffraction. Magnetic signal in Tm2Ir2O7

with non-magnetic Tm3+ ion is expected to origin solely in iridium sublattice.
The experiment did not reveal any new magnetic reflections emerging below TIr

outside the nuclears’ reflections. Only a slight increase of intensity on (222) peak
with decreasing temperature was detected, in agreement with expected AIAO an-
tiferromagnetic structure of Ir moments. The present results point to the limited
sensitivity of neutron diffraction to the small magnetic moment carried by Ir4+,
however, does not exclude the AIAO magnetic ordering of iridium sublattice.

Moreover, the shape of the high temperature specific heat anomaly accom-
panying the ordering of iridium sublattice is rather broad, suggesting partial dy-
namic behaviour of the iridium moments. Therefore, the dynamical properties of
A2Ir2O7 were studied by means of the AC magnetic susceptibility. For all A, the
AC response showed a strongly frequency dependent maxima shifting from 70 K
at 10 kHz towards lower temperatures with decreasing frequency. The unusual
developments of the maxima were analysed within the frame of traditional spin
glass systems; however, the resulting parameters for various spin glass models are
far from the physically reasonable values. Therefore, a different interpretation
of the AC response is proposed [82, 126]: iridium moments form two types of
antiferromagnetic domains, i.e. AIAO and AOAI. The interface between the do-
mains contains two kinds of spins, which can be distinguished on the basis of their
correlations with the spins inside the domain (Figure 4.31). The weakly bounded
spins are supposed to respond to the AC magnetic field. The strongly bounded
spins, which are ferromagnetically coupled with the domains, are predicted as
well within the domain wall scenario.

The investigation of the magnetization under different cooling protocols re-
vealed the presence of the two kinds of spins. The appearance of the remanent
magnetization during different field-cooling cycles were confirmed for magnetic
and also non-magnetic rare-earth pyrochlore iridates below TIr (see Figures 4.33).
The remanent magnetization is caused by ferromagnetically coupled spins and
also, after the application of external field, by the polarized free spins. The present
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study of ferromagnetic/antiferromagnetic bias-like behaviour in pyrochlore iri-
dates seems consistent within the series, however, the differences between indi-
vidual compounds can be traced. Decreasing temperature below TIr, the shift
of magnetization becomes more pronounced in all analogues. However, the shift
of A = Dy, Ho and Lu members tends to saturate at temperatures below 40 K.
A weaker influence of the Dy and Ho spins is also deduced comparing their magne-
tization curves with non-magnetic Lu2Ir2O7 analogue data. A similar evolutions
are observed. Inspecting the development of the coercive field with temperature
in individual members, a pronounced maximum is followed. It can be ascribed
to the interfacial pinning of the ferromagnetic component on the domain walls
boundaries [82]. Present results on polycrystalline samples are supported by re-
cent studies on Nd2Ir2O7 and Eu2Ir2O7 single crystals and thin films [81, 82].
Presence of two magnetic domains and properties connected to the walls between
them, hence, seem to be universal for rare-earth pyrochlore iridates.

Despite a thorough investigation of A2Ir2O7 magnetic properties, a number of
possible exotic properties remains hidden. Based on the theoretical predictions,
A2Ir2O7 are supposed to host a non-trivial electronic states [3]. Their successful
evidence can be made by measurement of electron structure on single crystalline
samples, synthesis of which is still lacking for a significant part of A2Ir2O7. The
CsCl flux method enables the preparation of single crystals of µm size, which is
still small size for many desired techniques. Searching for a suitable flux is part of
the current scientific effort including our continuing experiments. The studies of
heavier rare-earth pyrochlores in their single crystalline form can also significantly
expand the knowledge about unconventional behaviour of rare-earth magnetism
on frustrated lattice under the influence of staggered iridium molecular field. In
this direction, a number of studies are still to be done. With a contribution
of present work, attractive electron properties of iridium domain walls such as
its high conductivity in the insulating state [81] and possible contribution to
giant magnetoresistance [6] seem to be common to the pyrochlore iridate family.
Moreover, the domain wall effects and a delicate interplay between iridium and
rare-earth magnetism, which is a weak effect in DC properties, can be effectively
studied using weakly bounded domain wall spins and their dynamical response. A
full understanding and parametrization of the rare-earth and iridium interaction
based on the sensitive domain wall spin remain a future task.
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